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 The effects of an organic biocide (CTN) with and without co-added antioxidant 
(BHT) on microbial communities in SYP were assessed using terminal restriction 
fragment length polymorphism (T-RFLP) analyses in both field and accelerated decay 
laboratory studies.  Ammoniacal copper quaternary (ACQ-C) was used as a positive 
control in the field study component, but not in the laboratory test.  Field stakes were 
treated with 0.25 and 0.37% ammoniacal copper quat (ACQ-C), CTN (0.1 and 0.25%), 
CTN (0.1 and 0.25%) with 2% BHT added, 2% BHT alone, and controls were left 
untreated.  In the field studies, preservative treatment slowed the initial colonization of 
wood by fungi.  Higher species richness and diversity were found in non-biocidal 
treatments (BHT and untreated controls).  Fungal communities in treated wood were 
different based on their species composition, but eventually became more similar to 
untreated controls.  Preservative treatment increased richness and diversity of 
basidiomycete fungi, but overall presence of basidiomycetes was low compared to other 
fungi.  Preservatives did not change the species composition of basidiomycetes compared 
to untreated controls.  Preservative treatment initially increased bacterial richness and 
diversity, but over time these trends diminished to levels consistent with untreated 
controls.  Preservatives changed the species composition of colonizing bacteria so that 
treated and untreated communities remained different over 15 months of soil exposure.  
Bacterial diversity was negatively correlated with CTN depletion at the lowest rate.  In 
the accelerated decay laboratory test, the effects of CTN and/or BHT on bacterial, fungal, 
and basidiomycete communities in composted and uncomposted soil were evaluated over 
a 12 month period.  Composted soil had less fluctuation in changing microbial diversity 
due to more constant moisture.  The consensus of the analyses of the bacterial, fungal, 
and basidiomycete communities indicate that wood preservatives increased microbial 
species richness and diversity.  Preservative treatment increased species turnover that 
decreased over time.  Eventually, microbial communities approached a stable community 
structure consistent with untreated controls.  Preservatives were completely degraded 
after 30 days exposure; however, definite changes in bacterial and fungal richness, 
diversity, and species composition were found.  Basidiomycetes again represented the 
smallest portion of the microbial community involved in the overall decay process.   
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Wood as a Food Source 
 Wood is a three dimensional polymer consisting of linear and amorphous regions 
of cellulose fibers, phenolic lignin units, and branching hemicelluloses binding the latter 
two together.  The cellulose fibers are composed of repeating units of β1, 4-linked 
glucose.  Pairs of glucose molecules are referred to as a cellobiose unit and these form 
fibers that are grouped into bundles with both highly structured crystalline regions and 
amorphous regions.  Though glucose is a food source and is used by many living 
organisms, the packing order of these repeating units makes them more difficult to digest 
and usually requires the presence of microorganisms (bacteria, protozoa, or fungi) to 
break them down into their components.  These bundles of glucose chains form the 
backbone of wood and the varied angles of individual cellulose fibril layers account for 
some of the dimensional stability of wood.  Lignin forms a three dimensional matrix that 
encases the cellulose fibrils and accounts for wood’s structural rigidity as well as 
durability in regard to deterioration.  Because cellulose and lignin do not chemically bind 
to each other, hemicelluloses serve as the binding agent.  Hemicelluloses are branched 
polysaccharides made up of a variety of hexose sugars.  The three dimensional nature of 
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wood makes it somewhat resistant to deterioration (Sjörstrom 1992).  An increasing 
number of microorganisms have been isolated that are able to metabolize the individual 
structural components of wood.  Many fungi and bacteria can metabolize cellulose and 
hemicelluloses, but only select groups of microorganisms (primarily wood decay fungi) 
are able to break apart the lignin.  The combined effort of these microorganisms ensures 
that woody biomass can be recycled into soil organic matter (Dighton 2003), but this fact 
presents a problem when wood is intended to be used as a durable material in 
construction and engineering.  Past research has led to a keen understanding of how 
individual micro-organisms affect wood structure and durability, but how these 
microorganisms interact during the process of colonization and subsequent decay is 
largely unknown.   
 
Microbial Contributions to the Wood Deterioration Process 
 There are a wide range of microorganisms involved in the breakdown of wood’s 
structural components (Savory 1954, Basham 1959, Greaves 1971, Kaarik 1975, 
Blanchette 1978, Rayner and Boddy 1988).  Bacteria initially colonize wood, feeding 
mostly on available sugars.  Some bacteria produce pectinases and cellulases that can 
superficially break down wood, but not nearly to the extent achieved by the wood decay 
fungi.  Greaves (1971) classified bacteria involved in wood degradation into groups: 
those affecting permeability, those attacking wood structure, those working 
synergistically with other bacteria to break down wood, and those attacking other 
bacterial populations.   
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Bacterial presence in wood leads to breakdown of the pit membranes in the cell 
wall of the fiber tracheids, which increases the permeability of wood (Burnes et al. 2000).  
When wood is subjected to high moisture conditions, available oxygen is lowered and 
most fungi cannot survive.  Under these select conditions, these bacteria are responsible 
for the majority of decay.  The erosion bacteria attack the secondary wall layers by 
depleting the cellulose and hemicelluloses in the wood leaving behind a highly lignified 
porous residue.  Tunneling bacteria produce small tunnels which weaken the middle 
lamellae and have also been found to degrade lignin, although to a limited extent.  
Cavitation bacteria form small characteristic diamond to irregular shaped cavities in the 
secondary wall.  These cavities are typically oriented perpendicular to the long direction 
of the wood fiber.  These cavities can also coalesce and form larger pits that can severely 
impact secondary wall structure (Blanchette 2000). 
Colonization by bacteria also creates routes of entry for molds and sap stain fungi.  
These fungi use the enlarged pit cavities to gain access into the internal wood structures. 
Because they do not have the ability to break down the ordered cellulose and 
hemicelluloses, they cannot effectively penetrate the lignin matrix.  Since these fungi 
cannot directly attack the structure of wood, they simply feed on starches and sugars 
within the cells (Rayner and Boddy 1988).  Certain mold fungi have been found to 
produce xylanase enzymes that can break down the hemicelluloses that serve as the glue 
holding the cellulose and lignin together (Tribak et al. 2002), but there is currently no 
data to suggest that molds can break down lignin.   
Another group of fungi that are common inhabitants of wood are the soft rot 
fungi, which are mainly ascomycetous fungi.  The hyphae of these fungi produce 
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extracellular metabolites (endocellulases) that form pits of decay within the S2 layer of 
the secondary cell wall (Savory 1954).  These fungi thrive in wood that has high moisture 
content (Nicholas 1973).  Both bacteria and soft rot fungi are frequently encountered in 
wood that is too wet for the more aggressive wood decay fungi to inhabit (Blanchette 
2000).  
Wood decay fungi primarily belong to the Phylum Basidiomycota and use the 
structural components of wood as their sole food source.  Most wood decay fungi initially 
attack wood by reduction-oxidation (redox) reactions, which use free radicals to erode the 
cell wall, increasing the size of pits and pores so that the larger enzymes can enter. These 
redox pathways also produce hydroxyl radicals that contribute to breakdown of the 
structural components (cellulose and hemicelluloses) and lignin (Henry 2003). The wood 
decay fungi are divided into two groups; white rot fungi, which are capable of degrading 
both lignin and cellulose, and the brown rot fungi, which can only degrade cellulose and 
hemicelluloses.  Brown rot fungi are equipped with cellulases and peroxidases that break 
down the linear structure, leaving the brown cubical remnants of lignin behind (Nicholas 
1973, Rayner and Boddy 1988).  White rot fungi produce lignases and peroxides that are 
able to cleave the ring structures of lignin as well as cellulases that break down the linear 
cellulose molecules.  White rots degrade all components of the wood structure leaving 
behind bleached strands of cellulose (Daniel 2003).   
The sum total of all of the interactions that occur between these microorganisms 
influences the rate at which wood will decay.  An increased understanding of these 
processes would make it possible to predict service life of wood based on the presence or 
absence of certain microbial communities.  The interactions between microbes can also 
4 
have detrimental effects on biocidal compounds used to protect wood.  Fungi and bacteria 
have the ability to break down highly resistant chlorinated and organic chemical 
compounds present in many new and candidate preservative systems.   
 
Defining the Microbial Community 
Molecular techniques have become increasingly popular for quantification and 
characterization of microbial communities.  Environmental sampling of microbes often 
results in micro-organisms that will not grow on laboratory media, and as many as 98% 
of microbial species present in the environment are considered unculturable (Amman et 
al. 1995).  PCR based technology led to the development of Terminal Restriction 
Fragment Length Polymorphism (T-RFLP) analysis (Blackwood et al. 2003).  This 
procedure incorporates the use of terminal restriction fragments (TRF’s), which are 
created by endonuclease digestion of PCR products (DNA) using a fluorescently labeled 
primer to flag one end of the fragment.  These fragments can be sequenced to provide 
distinct profiles, much like a fingerprint, for a given community of organisms.  T-RFLP 
offers several advantages over other molecular procedures in that the cost per sample is 
much lower compared to other techniques and it also allows for high throughput 
screening of samples, whereas most other techniques are more time consuming.  T-RFLP 
has proven a useful tool for characterization of microbial communities in a wide variety 
of environments.  An excellent review of the history and utility of T-RFLP is presented 




Overview of Research 
 The objectives of this study were to characterize microbial communities of both 
fungi and bacteria in decaying southern yellow pine using T-RFLP to determine (1) 
changes in community richness and diversity over time as the wood is colonized, (2) 
changes in community structure due to wood preservative treatment, and (3) identify 
possible microbial communities that may be contributing to biocide depletion through 
correlation of microbial community data with preservative depletion results.  This study 
was conducted in two components: a field study installed at two sites in Mississippi, and 
an accelerated laboratory study conducted under controlled conditions that increased the 
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 Wood presents an interesting microcosm for fungal growth and has its own 
unique assemblages of species that colonize it.  Basidiomycete fungi are major 
contributors to the decomposition process.  Wood decay fungi produce decay enzymes 
that are capable of breaking crystalline linear cellulose, the highly cross-linked phenolic 
lignin matrices, and the hemicelluloses binding the latter two.  Soft rot fungi are also 
common inhabitants of wood and are mainly ascomycetous fungi.  The hyphae of these 
fungi produce extracellular metabolites that form pits of decay within the S2 layer of the 
secondary cell wall (Daniels 2003).  Soft rot fungi are frequently encountered in wood 
where conditions are too wet for the more aggressive wood decay fungi to inhabit 
(Blanchette 2000).  There are wide ranges of non-decay fungi associated with wood that 
colonize and utilize different resources within and on the wood surface.  Many molds, 
yeasts, and stain fungi utilize simple polysaccharides that are found both within the cell 
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lumen and on the interior surface of ray parenchyma and longitudinal fiber tracheids.  
These fungi are not major contributors to the decay process, but examples of inhibition of 
some wood decay fungi, as in the case of Gliocladium roseum (Yang and Rossignol 
1999), have been found. Certain molds have been identified that can metabolize wood 
preserving chemicals, such as certain formulations of ammoniacal copper quat 
(Zabielska-Matejuk and Czaczyk 2006). 
Using traditional microbiological methods it can be very difficult and time 
consuming to differentiate and identify fungi that inhabit wood.  Cultural isolation leads 
to underestimations of true microbial diversity (Amann et al. 1995).  Molecular 
techniques offer quick, efficient, and effective methods for characterization and 
identification of micro-organisms in wood, soil, water, and numerous other environments.  
This study uses terminal restriction fragment length polymorphism analysis (T-RFLP) to 
determine changes in the fungal communities in treated southern yellow pine field stakes 




Fungal Ecology of Decaying Wood 
The study of fungal ecology has many parallels to that of plant ecology, especially 
when looking at patterns of colonization. Fungi have three main strategies in a natural 
environment (Grime 1977, 1978, 1979; Pugh 1980; Cooke and Rayner, 1984). The first 
strategy is that of establishment on a substrate (colonization), which is accomplished 
either by germination of spores or contact by hyphae. The hyphae, from either the 
germinating spore or the invading hyphae, may assume a wide variety of morphologies, 
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mostly based on environmental (or cultural, as seen on nutrient media) conditions. Once 
the fungus is established, it begins the second phase, which is exploitation of the 
substrate.  The hyphae are the means by which fungi obtain nutrients through diffusion 
and bulk flow of breakdown products from the substrate. At this stage of the colonization 
process, various mycelial interactions occur between fungi as they compete for space and 
ultimately access to nutrients. These interactions can be: facilitated over distance by 
diffusion of antibiotics, direct via hyphal interference, various forms of parasitism, or 
changes in mycelial morphology due to gross mycelial contact. The outcome of these 
combative mycelial interactions is normally either replacement of one fungus by another, 
or deadlock, with neither fungus gaining ground (Boddy 2000). Once the fungus has 
established its spatial domain or ‘area of influence’ as described by Rayner and Boddy 
(1988), it begins the process of exploiting available resources to be converted to a form 
that can be readily accessed by the fungus. To do this fungi are equipped with a arsenal of 
reactive enzymes that can degrade a wide variety of compounds, wood being only one of 
many. The third strategy in the process is that of escape, once the resources have been 
depleted the fungus may either exit through mycelial forms, such as cords or 
rhizomorphs, or may undergo some type of spore dispersal (Malloch and Blackwell 
1992). Fungi exhibit a wide variety of fruiting bodies ranging from simple conidiophores 
found commonly in asexual fungi up to the complex perennial fruiting bodies found in 
species of the basidiomycetes, Ganoderma and Phellinus (Rayner and Boddy 1988).  
Based on their patterns of colonization, exploitation, and exit, fungi have been 
classified using r or k – selection according to the theory of succession, which was 
originally developed for plants (Grime 1977). These same concepts have been applied to 
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fungi (Pugh 1980).  R-selected fungi are those that rapidly colonize, usually following a 
disturbance, and allocate much of their resources to producing spores, which are often 
asexual.  Mold fungi are a classic example of this colonization strategy.  R-selected fungi 
may produce secondary metabolites that allow them exclude competing organisms; 
examples include growth inhibition of bacteria by Penicillium chrysogenum, as well as 
production of secondary metabolites by Chaetomium globosum that restricts growth of 
competing fungi (Boudreau and Andrews 1987).  Since these fungi exhibit a scramble 
type behavior for available resources they are normally generalists in terms of substrate 
and feed on simple polysaccharides.   
Chapella and Boddy (1988) used traditional cultural methods to study the fate of 
early colonizers during the decay of beech.  Their results indicated that the early 
colonizers developed rapidly, but began to decline after 32 to 64 weeks. Significant 
differences were noted between branches with and without basidiomycetes present in 
regard to decay rate.  Basidiomycetes were not detected in initial sampling, but did arrive 
in a relatively short amount of time (16 weeks). A noticeable lag was seen in the growth 
of the basidiomycetes and competition studies showed that basidiomycetes were able to 
compete with the more fastidious molds only after the mold populations began to decline. 
It was suggested that moisture requirements have an affect on the colonization.  Since 
basidiomycetes typically require a lower range of moisture content (40-80%), it is 
possible that a certain amount of drying of the infected wood may be required for the 
equilibrium community to establish.   
When Wardle et al. (1993) examined interactions between two common soil 
saprophytes, Mucor hiemalis and Trichoderma harzanium, M. hiemalis consistently out 
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competed T. harzanium in culture. These results are striking considering that T. 
harzanium has been shown to produce several secondary metabolites that inhibit other 
fungi, and has been repeatedly used as a biocontrol agent. The authors discussed that due 
to rapid proliferation of the M. hiemalis, the fungus was simply able to overtake the 
competing culture despite possible inhibition by secondary metabolites. Ultimately, the 
fungi that are able to propagate themselves the most efficiently and effectively have the 
best chances of survival and colonization of the substrate. 
The k-selected, or equilibrium, species tend to have more specialized feeding 
niches and reduce competition by exploiting sources that are not readily accessible to 
competing organisms. In certain cases where fungi subsist on nitrogen limited substrate 
they have even been found to prey on soil fauna to supply necessary nitrogen, such as the 
rather extreme case with certain species of Pluerotus and Hohenbuehelia (Barron 1992).  
The production of extracellular enzymes is one strategy by which these specialist fungi 
obtain access to these unavailable resources. Wood decay fungi are an obvious example 
of these specialist fungi, because these fungi have almost exclusive access to the 
structural components of the woody tissue, particularly the complex lignin structures that 
ensure the dimensional stability of wood.  The elusive nature of these fungi in culture led 
to the eventual development of cultural methods proposed by Nobles (1958), which are 
still widely used as diagnostics for characterization and identification of fungal isolates.    
Limited attention has been paid to interactions between these specialists and the 
molds and stains. While the specialized nature of the decay processes exhibited by wood 
decay fungi no doubt excludes molds and stains, there should be some competition for 
available resources, if not only space. The breakdown products from the decay fungi have 
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not been shown to stimulate growth of mold and stain fungi and, inversely, the presence 
of molds and stain fungi have not been shown to increase the efficiency of decay fungi. 
Past research has addressed the production of laccase enzymes under competitive stress 
and found in all cases, competition led to increased localization of laccases (White and 
Boddy 1992). This implies that there may be physiological effects of the competing fungi 
on the levels and expression of the laccase genes. Heilman-Clausen and Boddy (2005) 
examined the effects of early colonizers on autoclaved beech blocks. In all of the 
treatments, they found noticeable differences in the growth patterns of the secondary 
colonizers. In particular, Stereum hisutum showed inhibitory effects on the colonization 
by secondary invaders, which the authors suggest may be passive defensive strategy. The 
authors go on to introduce the idea of “info chemicals” which convey biochemical 
messages and influence the community structure of decaying wood. This study used an 
ascomycete and several basidiomycetes as early colonizers; however molds and stain 
fungi would likely arrive much earlier in the process and may have a part to play in this 
biochemical signaling process and ultimately influence wood decay community structure. 
Tolijander et al. (2006) assembled artificial communities of wood decay fungi to observe 
the effects of a fluctuating environment and found that high species richness is required 
to ensure high levels of primary production.  Communities exposed to fluctuating 
environmental conditions (moisture, temperature, available nutrients) maintained higher 
species richness and resulted in greater loss of dry matter in the wood chips.  White rots 
had significantly higher metabolic efficiency than brown rots, but overall results agreed 
with previous studies that intense competition among wood decay basidiomycetes results 
in the highest rates of enzyme activity.  The authors conclude that niche differentiation is 
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likely important in maintaining species diversity of wood decay fungi, which has been 
previously characterized as a highly competitive environment.   
The interactions that occur between fungi as they colonize, exploit, and exit the 
woody substrate is a valuable link to understanding the overall processes that ultimately 
result in breakdown of wood and subsequent nutrient cycling.  A basic understanding of 
this process provides insight for predicting patterns of decay given a set of known 
environmental variables.  Knowledge of what fungal species might be expected to occur 
in wood at a particular time and how the myriad fungal assemblages influence the 
proliferation and physiology of wood decay fungi could provide keys to their control and 
ultimately lengthening the service life of wood.   
 
Molecular Methods for Characterization of Fungal Communities 
Molecular methods for characterization and identification of fungi have become 
increasingly popular over the past decade.  All of the advances made in the last 20 years 
have been a direct result of the advent of polymerase chain reaction (PCR) technology by 
Mullis et al.  (1986).  This discovery made possible the manufacture of duplicate copies 
of double stranded DNA using targeted primers and the amplification of  specific regions 
of an organism’s genetic code.  White et al. (1990) developed a non-specific primer set 
that targets the internal transcribed spacer (ITS) region of fungi, which is a conserved 
region among all fungi; where enough variation exists in the sequence to differentiate 
species within the fungi.  The ITS region is now commonly used in fungal molecular 
methods and in phylogenetic analysis.   
 16
Gardes and Bruin (1993) developed primers that are specific for fungi within the 
phylum Basidiomycota, which is a diverse assemblage of fungi that inhibit a wide variety 
of ecological niches.  These primers are also amplify the ITS region between the 5.8 and 
18S ribosomal subunit of fungi, but the reverse primer attaches farther upstream in a 
region that is conserved among Basidiomycetes.  Among the basidiomycota is the class 
Aphyllophorales, which includes a large number of fungi that inhabit and decay wood.  
These fungi contribute greatly to the breakdown of wood and nutrient cycling in forest 
ecosystems.   
DNA sequencing has become an extremely useful tool in the identification of 
fungi.  Sequences of the ITS region of fungi have been warehoused in several searchable 
online databases, such as Genbank (Benson et al. 2007); which creates the opportunity 
for screening unknown sequences of fungi against an ever-growing database of known 
cultures.  This procedure has been widely used to identify wood decay fungi from a 
variety of situations. Högberg et al. (2004) used sequencing of 28S rDNA of wood decay 
fungi to identify fungi from pre-inoculated wood.  The authors discuss the possibility of 
potential errors contained within online databases and possible contamination by 
associated mold fungi.  Moreth et al. (2005) analyzed sequence data of the entire rDNA 
unit and were able to resolve approximately 5700 base pairs from the 18S to the 28S, that 
could be aligned in efforts to locate specific primer sets within.  Kim et al. (2005) 
successfully identified 132 basidiomycete fungi from playground products.  Even though 
all of the fungi were isolated from softwood species, white rot fungi were three times 
more prevalent then brown rot fungi, which agrees with previous research (Butcher 
1968), suggesting that white rots precede brown rots in the colonization of untreated 
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softwoods in soil contact.  Recent methods have employed the use of multiplex PCR, 
which involves the amplification of numerous fungal species within a single sample and 
using BLAST searches of known fungi to identify wood rotting fungi in standing trees 
(Guglielmo et al. 2007).  This provides an efficient and sensitive method for early 
detection of wood decaying fungi that is useful for predicting the severity of fungal 
infections in urban landscapes when used in combination with visual tree assessments.  
While DNA sequencing offers great utility for identifying organisms, it has some 
limitations.  Pure cultures are often required for sequencing to ensure that the accurate 
template DNA strand is amplified.  In the case of multiplex PCR, optimization of PCR 
protocols can be extremely difficult when working with multiple taxon-specific primers 
in a single polymerase chain reaction, not to mention costly.   
Restriction fragment length polymorphism (RFLP) analysis has been used to 
compare DNA sequences.  Site specific endonucleases cut the DNA, resulting in 
fragments that are unique to an individual species.  The RFLP patterns using several 
restriction endonucleases can often distinguish between individual species, as well as 
subspecies and isolates in certain situations.  Modifications of RFLP include amplified 
fragment length polymorphism (AFLP) and terminal restriction fragment length 
polymorphism (T-RFLP) (Blackwood et al. 2003).  AFLP has been used to characterize 
microbial communities and for bacterial source tracking of agricultural run-off.  In T-
RFLP analysis, the terminal fragment of each species is fluorescently labeled, amplified 
PCR products are digested using restriction endonucleases, and these peaks are separated 
by size on a gel capillary matrix, creating distinct peak profiles for a given sample.  The 
result is a series of peaks which represent members of a target group present in an 
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environmental sample.  T-RFLP data is often referred to as a community “fingerprint” 
and can be analyzed as ecological field data using several different indices to indicate 
species richness, abundance, and diversity among samples. T-RFLP has been widely used 
in the study of microbial ecology in a wide range of both organisms and environments. 
An excellent review of the history and utility of T-RFLP is presented by Thies (2007).  
T-RFLP has been used very successfully to characterize soil fungal communities 
in both field and laboratory studies. Lord et al. (2002) compared the 18S (small 
ribosomal subunit) and the ITS region to determine which loci were most effective at 
predicting soil fungal species richness.  The samples were from a petroleum 
contaminated site and amplified with primer sets for both DNA regions.  The ITS region 
provided a more accurate and extensive assessment of fungal community richness than 
the 18S region.  The authors discuss the importance of primer selection on the overall 
quality of TRF data; selecting primers that are too broad will overestimate fungal 
diversity, while primers that are too narrow will vastly underestimate diversity.  Klamer 
et al (2002), used soil cores from coastal scrub oak forest soil to observe changes in the 
fungal community due to elevated carbon dioxide.  Fungal biomass was measured using 
ergosterol production and compared to fungal species richness as CO2 levels were 
elevated.  Fungal species richness was not significantly affected by elevated CO2, but 
elevated CO2 did increase biomass production.  Edel-Hermann et al. (2004) utilized T-
RFLP to examine changes in fungal community structure due to different organic 
amendments.  Three soils were examined with varied amendments and each soil’s fungal 
communities exhibited a shift in species composition with the communities becoming 
more different in response to each of the organic amendments.  
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In the forest products discipline, RFLP and T-RFLP have both been used to 
characterize changes in microbial communities as well as identify wood decay fungi from 
wood in both above and below ground situations.  Jasalavich et al. (2000) used RFLP 
profiles to successfully detect wood decay basidiomycetes isolated from both pure 
cultures and inoculated spruce blocks.  The ITS 1F and ITS 4B primer set was able to 
differentiate basidiomycetes from ascomycetes and the basidiomycetes were identified to 
the species level by RFLP analysis of the amplified ITS region.  Detection of wood decay 
fungi was also possible before any depreciable mass loss was detected in the wood 
samples.  This reinforces the inherent utility of molecular methods, since the analysis was 
able to detect fungal presence prior to damage the wood due to decay.  Diehl et al. (2004) 
are currently developing searchable databases of RFLP profiles in order to warehouse 
experimental data that can be used as a method of identification of unknown fungal 
isolates based on similarity over multiple restriction enzyme digests of the ITS region.  
Prewitt et al. (2007) used RFLP and DNA sequencing to identify isolates of wood decay 
fungi and molds.  Their results indicate that RFLP analysis using general fungal primers 
are not likely to be useful in identifying species or reconstructing phylogenetic 
relationships and that RFLP analysis using Basidiomycete-specific primers may be useful 
in identifying some species but not in reconstructing phylogenetic relationships although 
it is a simpler procedure than sequencing.   
Räberg et al. (2007) demonstrated the utility of T-RFLP to identify isolates of 
fungi from wood samples at field sites in southwest Germany.  A total of 62 different 
fungal species were detected using T-RFLP, cloning, and sequencing of the ITS region.  
A soft rot fungus, Coniochaeta lignaria, was encountered in 57% of the samples, 
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indicating that soft rot fungi were more prevalent in wood samples than wood decay 
basidiomycetes at these field sites.  This study also found no relation between high and 
low moisture content and the presence of soft rot, showing that soft rot fungi attack wood 
in low moisture situations.  The overall results of this study found that no single climatic 
or geographic variable effected fungal species richness, but they interact to effect mean 
species richness.   
Given the past successes in utilizing PCR-based technology to assess fungal 
contribution to the decay process, it is apparent that further research is needed in this area 
in order to move towards a more complete understanding of interactions that occur 
between fungi during the degradation of wood.   
 





Field Stakes: Field stakes measuring 1.9 X 1.9 X 100.3 cm (t x r x l) were 
prepared from defect-free southern yellow pine (SYP) sapwood.  The stakes were divided 
into four treatment sets, which contained samples from the same boards.  Each set 
contained matching untreated controls.  Twenty four field stakes; six matching sets of 
four, were treated using the full cell method (29 in Hg vacuum for 30 min followed by 
150 psi pressure for 1 hr.) with: 0.25 and 0.37% ammoniacal copper quat (ACQ-C), 0.1 
and 0.25% chlorothalonil (CTN), 2% butylated hydroxytoluene (BHT), 0.1 and 0.25% 
CTN in combination with BHT, and controls were left untreated.  
Ammoniacal Copper Quat (ACQ-C), which is the combination of Copper (II) 
oxide (66.7%) and alkyldimethylbenzylammonium chloride (33.3%), is considered a 
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positive control in the field stake test.  It is currently one of the most widely used 
waterborne preservatives since the voluntary restriction of CCA.  Chlorothalonil is a well 
known, environmentally friendly, and commercially important fungicide that has been 
used in the past as a wood preservative for control of mold and sapstain.  Butylated 
Hydroxy Toluene (BHT) is a relatively low cost, benign antioxidant (used in many food 
and personal care products) that has been found to have synergistic effects when used in 
combination with organic biocides, such as CTN (Schultz and Nicholas 2002).  Untreated 
stakes were the controls.  A list of treatment and treatment specifications are listed in 
Table 2.1.   
 
Table 2.1:  Formulations of wood preservatives used in the field study at Dorman Lake 
and Saucier sites.  ACQ-C=Ammoniacal Copper Quat, CTN=Chlorothalonil, 
BHT=Butylated Hydroxytoluene.  Samples were pressure treated at 150 p.s.i. 
 
Preservative Treating Concentration (%ai) Retention (pcf) No. of stakes 
ACQ-C 0.25, 0.37 0.10, 0.15 24, 24 
CTN 0.10, 0.25 0.032, 0.075 24, 24 
CTN + BHT 0.10 + 2.0, 0.25 + 2.0 0.032, 0.74  24, 24 
BHT 2.0 0.62 24  
Controls 0.0 0.0 96* 
*One set of controls was installed per preservative treatment group (4). 
 
 
 After treatment, the ACQ-C samples were bagged for seven days to allow fixation 
of the preservative and air dried until a constant weight was reached.  All other samples 
were air dried immediately after treatment until a constant weight was reached.  An 8.9 
cm long sample was cut from the center section of each field stake for initial preservative 
retentions leaving 2 matching 39cm long field stakes.  These matched field stakes were 
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labeled with a specific number and a letter suffix identifying the location of the stake 
(A=Saucier and B=Dorman Lake).  
Test Plots: Test plots are located in the Desoto National Forest in Saucier, MS, 
and at Dorman Lake on Mississippi State University’s John Starr Memorial Forest 
outside of Starkville, MS.  The Dorman Lake test site is designated a Zone 3 decay 
hazard zone by ASTM standards, and the Saucier test is designated as Zone 4 decay 
hazard.  Sites have a similar soil profile. Saucier is a sandy clay, and Dorman Lake is a 
sandy clay but with a slightly more pronounced organic layer.  Both of these sites have a 
long history of use by both Mississippi State University and the USDA Forest Service for 
testing of wood preservatives and termiticides.  The experimental design was a 
completely randomized block design.  The stakes were randomized and installed using a 
gas powered auger. The 39 cm long stakes were installed by inserting them vertically into 
the ground to a depth of 19.5 cm.   
Sampling Schedule:  Sampling was conducted at 0, 3, 6, 9, 12, and 15 month 
intervals.  At each sampling interval, one matched set of four field stakes for each of the 
six treatment series, totaling twenty four stakes, was removed and taken back to the 
laboratory for processing.  Sample identification, original board identification, and 
removal dates for each series were documented.  Treatments, sampling times, and 
original board location for all field samples are listed in Table 2.2.   
Visual ratings of decay were used to estimate the extent of decay in the test stakes 
using the AWPA Standard E7-01 visual decay rating system (AWPA 2001).  These 
ratings are based on percent removal of cross section due to decay fungi and range from 
10 (defect free) to 0 (failure).  Stakes were retained for T-RFLP DNA analysis and 
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preservative retention analysis using High Pressure Liquid (HPLC) or Gas 
Chromatography (GC).  The preservative retention data for ACQ-C, CTN, and BHT will 
determine preservative loss as a consequence of biological degradation, leaching, or 
evaporation of the preservatives in the field.   
 
Laboratory Procedures 
DNA Extraction (Physical Preparation):  Prior to processing, field stakes were 
kept at room temperature and not subjected to excess air drying.  One hundred fifty 
milligram samples of sawdust were removed from each stake manually using an ethanol 
sterilized wood rasp.  Collected sawdust was placed into a 2 ml cryo- collection tube and 
placed into a -80ºF freezer until ready to be extracted for microbial genomic DNA.   
For physical disruption of the wood fibers, a 50 mg sample of sawdust was placed 
into a 2 ml cryotube with 1000 µl of a CTAB lysis buffer (2% cis-trimethyl ammonium 
boric acid, 100mM Tris, 20mM Na2EDTA, 1.4M NaCl, and 1% polyvinylpyrolidine) and 
two 5 mm glass beads.  The sample was placed on a mini-8 bead mill (Biospec, 
Bartlesville, OK) for three minutes at maximum speed.  The resulting mixture was 
processed for genomic DNA using a Machery Nagel Nucleospin Plant DNA extraction 
Kit (Machery-Nagel, Easton, PA, USA). 
DNA Extraction (Chemical Extraction Procedures):  A 10μL aliquot of RNase A 
was added to each homogenized sawdust sample and incubated for 2 hours at 65ºC for 
cell lysis, mixing every 15-20 minutes by inverting the tube.  The mixture was transferred 
to a Nucleospin® plant column and centrifuged for 5 minutes at 11,000 x g to filter the 
lysate.  The flow through was transferred to clean centrifuge tube and mixed with 850μL  
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Table 2.2: List of preservative treatments, concentrations, sampling schedule, and 
original board identification for field stakes used at Dorman Lake and Saucier test 
sites.  
 





(Months) 1 2 3 4   
Periods 
(Months)  1 2 3 4 
ACQ-C 0.25 0 1 2 3 4 Controls 0 0 49 50 51 52 
  3 5 6 7 8    3 53 54 55 56 
  6 9 10 11 12    6 57 58 59 60 
  9 13 14 15 16    9 61 62 63 64 
  12 17 18 19 20    12 65 66 67 68 
  15 21 22 23 24    15 69 70 71 72 
ACQ-C 0.37 0 25 26 27 28 Controls 0 0 121 122 123 124 
  3 29 30 31 32    3 125 126 127 128 
  6 33 34 35 36    6 129 130 131 132 
  9 37 38 39 40    9 133 134 135 136 
  12 41 42 43 44    12 137 138 139 140 
  15 45 46 48 48    15 141 142 143 144 
CTN 0.1 0 145 146 147 148 Controls 0 0 193 194 195 196 
  3 149 150 151 152    3 197 198 199 200 
  6 153 154 155 156    6 201 202 203 204 
  9 157 158 159 160    9 205 206 207 208 
  12 161 162 163 164    12 209 210 211 212 
  15 165 166 167 168    15 213 214 215 216 
CTN 0.25 0 73 74 75 76 Controls 0 0 241 242 243 244 
  3 77 78 79 80    3 245 246 247 248 
  6 81 82 83 84    6 249 250 251 252 
  9 85 86 87 88    9 253 254 255 256 
  12 89 90 91 92    12 257 258 259 260 
  15 93 94 95 96     15 261 262 263 264 
CTN + 0.1 0 169 170 171 172 
BHT 2 3 173 174 175 176 
  6 177 178 179 180 
  9 181 182 183 184 
  12 185 186 187 188 
  15 189 190 191 192 
CTN + 0.25 0 97 98 99 100 
BHT 2 3 101 102 103 104 
  6 105 106 107 108 
  9 109 110 111 112 
  12 113 114 115 116 
  15 117 118 119 120 
BHT 2 0 217 218 219 220 
  3 221 222 223 224 
  6 225 226 227 228 
  9 229 230 231 232 
  12 233 234 235 236 
    15 237 238 239 240 
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of binding buffer.  The mixture was passed through a second spin column with a silica 
membrane for 1 minute at 11,000 x g, binding the genomic DNA.  The silica membrane 
was washed to remove possible contaminants, and dried by centrifugation at 13,000 x g 
for 2 minutes.  The DNA was eluted from the silica membrane by adding 50μL of 65°C 
elution buffer, incubated at room temperature for 5 minutes, and centrifuged at 8,000 x g 
for 1 minute to collect the eluted DNA (Machery-Nagel 2006). 
Polymerase Chain Reaction (PCR):  To amplify the DNA region of interest, 
extracted DNA was amplified for T-RFLP analysis using a general fungi ITS 1F primer 
(5’-CTT GGT CAT TTA GAG GAA GTA A), which is specific for higher fungi (White 
et al. 1990), and ITS4 (5’-TCC TCC GCT TAT TGA TAT GC), as a universal reverse 
ITS primer (Gardes et al. 1993).  The primer pair ITS 1F and ITS 4-B (5’-CAG GAG 
ACT TGT ACA CGG TCC AG), specific for basidiomycetes (Gardes and Bruin 1993), 
was used for selective amplification of basidiomycetes.  The size of the ITS 1F-ITS 4NS 
target region is approximately 680 base pairs and the ITS 1F-ITS 4BS region is variable, 
ranging from 700 to 1200 bp.   Fungal DNA amplification was carried out using an 
Eppendorff Master-cycler© using an initial hot start at 94ºC for 4 minutes (diluted 
template DNA only), melting at 95ºC for 35 seconds, annealing at 55ºC for 55 seconds, 
and extension at 72ºC for 1 minute, and final extension at 72ºC for 10 minutes for a 
duration of 39 cycles.  The master mix containing 50mM buffer, 200mM MgCl, 30mM 
deoxynucleotide triphosphates (dNTPs), 20mM each forward and reverse primer, Bovine 
Serum Albumin (BSA) (2mg per reaction) , ddH20, and Taq DNA polymerase (2.5units 
per reaction) was added after the initial hot start while the samples remained on a bench 
top cooler in order to halt all enzymatic activity.  The hot start causes nicking of the 
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genomic DNA, which shortens the amount of time to annealing and decreases off-target 
amplification which can lead to the formation of pseudo-terminal fragments and 
overestimations of true species diversity (Egert and Freidrich 2002).  The total volume of 
the PCR reaction was 50μl for each reaction.   
 A 13 μl sample of the amplified DNA along with 2 µl of 6X loading dye (15% 
Ficoll® 400, 0.03% bromophenol blue, 0.03% xylene cyanol FF, 0.4% orange G, 10mM 
Tris-HCl (pH 7.5) and 50mM EDTA) was loaded into a 2.0% agarose electrophoresis gel 
to ensure that proper amplification of the target region was achieved.  Fragment sizing 
was confirmed using a 100 base pair ladder to ensure amplified DNA was in the target 
range (Figure 2.1).  The remaining samples were digested using restriction enzymes to 
cut the amplified DNA into uniform fragments.  The amplified fungal DNA was cut 
using Taq 1 at 65°C for 3 hours in preparation for fragment analysis.  Restriction digests 
were verified on 4% high-resolution electrophoresis gels.  All double stranded products 
were stained on high resolution agarose gels using 0.1% ethidium bromide and visualized 
on a UV light box (Figure 2.2).  Digested DNA was then filtered to remove residual PCR 
reagents using a PCR clean-up kit following manufacturer’s specifications (Machery 
Nagel 2007).   
Fragment Analysis:  Up to 5μL of the digested sample was loaded into a sample 
loading solution (SLS) containing 0.5μL of size standard 600 (Beckman Coulter 
Fullerton, CA) in a 96 well plate and overlaid with sterile mineral oil.  Plates were 




Figure 2.1:  Gel image on 2% agarose gel. Bands are fungal DNA amplified using the 
ITS 1F- ITS 4NS primer set from wood samples at Dorman Lake  Heavy multiple 





Figure 2.2:  Gel image on 2.5% high resolution agarose gel. Bands are from Taq 1 
digested fungal DNA amplified using the ITS 1F- ITS 4NS primer set from wood 




analysis.  Fragments were analyzed on a Beckman Coulter CEQ 8000 DNA Analysis 
system (Beckman Coulter, Fullerton, CA).  Individual community fingerprints, resulting 
from an array of peaks corresponding to unique fragment sizes, were generated for each 
sample that was successfully amplified from the initial PCR amplification.  Samples that 
failed to amplify were not considered for fragment analysis since fungal DNA was at 
levels below our detection threshold, which we had previously established at 
approximately 2ng/μL total genomic DNA.  The resulting fragment data was manually 
screened to remove artifacts and low quality data.  After the fragment data was screened 
and corrected, the resulting T-RFLP data was combined using the Bin function in the 
CEQ fragment analysis software. Binning is a process that creates a data matrix of 
individual fungal species as indicated by a unique size fragment referenced to the 
individual samples where they originated (Beckman Coulter 2004).  This data matrix is a 
binary representation of presence absence data for the entire data set and was exported as 
comma separated value file (.csv) and formatted for further analysis using additional 
ecological interpretation software.   
 
Statistical Analyses  
Field Stake Data: Field stake rating data was analyzed using PROC ANOVA in 
SAS v9.2.  Location, treatment, and time were used as fixed effects and decay rating was 
used as the response variable.  The effects of site, treatment, time, and all possible 
interactions on mean decay ratings were analyzed using an alpha of 0.01 to determine 
statistical significance.  In the event of interaction, pair-wise comparisons of lsmeans of 
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interacting effects were made in order to determine the effects on mean decay ratings of 
treated field stakes.  
Fragment Analysis Data: Fragment analysis data were analyzed using PROC 
GLM in SAS v9.2.  Site, exposure (above or below ground), treatment, and time were 
used as experimental variables. Species descriptors (species richness, evenness, and 
diversity measures) that were generated using PC-ORD were used as the response 
variables.  The effects of site, exposure, treatment, time, and all possible interactions on 
species descriptors were analyzed using an alpha of 0.01 to determine statistical 
significance.  In the event of interaction, pair-wise comparisons of lsmeans of interacting 
effects were made in order to determine the effects on mean species richness and 
diversity of treated field stakes.  
Microbial Community Analysis: Individual T-RFLP fingerprints for each sample, 
both above and below ground, were exported into PC-ORD v5.0 (Gleneden Beach, OR) 
in order to generate measures of species richness, evenness, and diversity (both 
Simpson’s and Shannon’s diversity measures) based on the composition of the individual 
T-RFLP vector data.  Simpson’s index is a simple measure of α-diversity, it takes into 
account the proportion of individuals for each species in the sample and is calculated as 
D=1/sΣi=1Pi2, where S = total number of species, Pi = the proportion for the ith species 
contributing to the total (Begon, Harper, and Townsend 1990).  Shannon’s index is 
another commonly used measure of diversity.  The advantage of Shannon’s diversity 
measure is that it takes into account species evenness as well as species richness.  It is 
calculated as H= - sΣi=1pilnPi , where S = total number of species, and Pi = the proportion 
for the ith species contributing to the total (Begon, Harper, and Townsend 1990).  Sample 
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data generated in PC-ORD was then exported and appended to the original data set for 
further statistical analysis.   
PC-ORD was also used to display graphical differences between fungal and 
basidiomycete communities.  Non-metric multidimensional scaling (NMDS) is an 
iterative search algorithm that searches for the optimal orientation of n species on k 
dimensions that minimizes stress of the k-dimensional configuration.  The output is a 
graphical representation of individual samples and their orientation in “species space” 
based on their species composition.  NMDS makes it possible to observe changes in 
community data based on changes in their overall similarity over time and in response to 
different external variables.  Jaccard’s measure was used as the distance measure in all of 
the analyses and ordinations were performed using the default “quick and fast” search 
method (McCune and Grace 2002).  Outputs were used to visually compare differences 
between microbial communities according to the appropriate classification variables (site, 
location, treatment, time).   
Community data was also analyzed using EstimateS® (Storrs, CT) to compare β-
diversity between communities (Colwell 2005).  Presence absence data was summed 
across treatment time combinations and EstimateS was used to calculate indices of 
similarity based on Chao’s abundance adjusted Jaccard distance model.  This model takes 
into account the occurrence of rare species and the probability of not detecting them in 
sampling.  It is frequently used in data sets that have unseen species in samples in order 
to create abundance based estimates of species diversity (Chao et al. 2005). EstimateS® 
also creates a similar abundance based coverage estimate (ACE) that is an indication of 
species richness based on the probability of unseen and rare species.  These estimates 
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also include a calculated standard error and 95% confidence interval so that they can be 
used to make direct comparisons without any additional statistical inference.   
Preservative Retention Data: Preservative retention data was initially analyzed 
using PROC GLM in SAS v9.2 to determine if the effects of site, exposure, and time or 
any combination effect preservative concentration.  Preservative retention data was also 
analyzed using PROC CORR in SAS.  Percent depletion of preservatives for each 
individual sample was used as the response variable and analyzed using PROC CORR to 
evaluate correlations between preservative depletion, species richness, evenness, 
diversity, and decay ratings.  Pearson’s correlation coefficient was used to determine the 
correlation of the individual variables and an alpha of 0.01 was used to accept or reject 
the null hypothesis.   
 
RESULTS 
Field Decay Ratings  
Field stakes were rated as they were collected from the field.  Field stake ratings 
were analyzed using PROC ANOVA in SAS v9.2.  Sites were analyzed separately in 
order to eliminate multiple factor interactions between site, treatment, and time.  
Statistical analysis indicated that treatment and time both interact to affect mean decay 
ratings at both Dorman Lake (P=0.0001) and Saucier (P=0.0001).  At the Dorman Lake 
site, five treatments (ACQ-C 0.37, ACQ-C 0.25%, CTN 0.25%, CTN 0.1%+2.0%BHT, 
and 0.25%+2.0%BHT) retained a mean decay rating of 10 over the entire 15 month 
period, while 0.1% CTN and BHT 2.0% had mean decay ratings of 9.5 (SD=0.577) and 
9.0 (SD=0.0), respectively. Statistical analyses indicated that these means were not 
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significantly different from the other treatments.  Untreated controls were significantly 
lower, with a mean decay rating of 7.4 (SD=1.48).  According to the E1-07 standard, a 
decay rating of 7 indicates removal of 10-30% of cross section of field stakes due to 
decay. At the Saucier test site, the same five of the eleven treatment groups (ACQ-C 
0.37%, ACQ-C 0.25%, CTN 0.25%, CTN 0.1%+2.0% BHT, and CTN 0.25%+2.0% 
BHT) retained a mean decay rating of 10 for the entire 15 month period, while CTN 0.1% 
and 2.0% BHT had mean decay ratings of 8.25 (SD=0.5)and 8.0 (SD=0.0), respectively. 
According to the E1-07 standard, a decay rating of 8 indicates removal of 3-10% of the 
cross section of the field stakes due to decay. Statistical analysis found no difference 
between these treatments and all other treatments.  Untreated controls had a significantly 
lower mean decay rating of 6.0 (SD=3.22), indicating a removal of 30-50% of cross 
section of the field stakes due to decay.   
 
T-RFLP Data  
General Fungi Primer Set:  A total of 4000 fungal phylotypes (single peaks 
representing individuals of a unique species) were detected using T-RFLP in this study 
using the ITS IF-4NS primer set, representing 92 individual fungal species.  2000 fungal 
phylotypes (1105 in the above ground portions; 890 in the below ground portions) were 
detected at Dorman Lake, and 1995 phylotypes (1160 above ground; 845 below ground) 
were detected at Saucier.  In samples that were decayed more than 10% (rated lower than 
8), T-RFLP detected the presence of fungi in 100% of samples in above ground exposed 
samples and in 85% of below ground exposed samples at Dorman Lake.  Detection levels 
were slightly lower at the Saucier test site. Abnormally low precipitation levels 
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throughout the 9 and 12 month sampling periods led to a drastic decrease in fungal 
presence both above and below ground.  In spite of this fact, fungi were detected in 70% 
of stakes in above ground exposed samples and in 59% of below ground exposed samples 
decayed less than 10%.   
Species richness, evenness, and diversity indices (Simpson’s and Shannon’s 
indices) were calculated for each individual sample using PC-ORD v5.0 and analyzed 
using PROC GLM in SAS 9.1.  Due to the presence of large error terms and small 
degrees of freedom present within the data set, statistical significance was set at the 0.01 
level using species richness, evenness, and diversity measures as the response variables.   
The GLM results indicated that species richness, evenness, and Simpson’s 
diversity were affected by the interactions of treatment and time, time and site, and 
treatment and exposure.  Shannon’s diversity was affected by the interaction of site, 
treatment, and time.  However, due to the small mean square error term (0.134) all of the 
factorial combinations excluding 0 month samples were statistically different from each 
other.  The basic trend was that Shannon diversity (sd) did gradually increase over time, 
with a slight decrease at 12 months (due to lack of moisture), but recovering at 15 
months.  After 15 months exposure, the BHT treatments had the lowest mean sd (0.49), 
followed by the CTN+BHT treatments, sd=0.54 (low dose) and sd=0.56 (high dose).  
Controls had a mean sd of 0.60 after 15 months exposure.  The highest mean sd was 
ACQ-C 0.25% at 15 months (0.77), but it was not significantly different from other mean 
sd greater than 0.5.  
Pair-wise comparisons were made of all 48 factorial combinations of lsmeans for 
treatment and time and 42% of all the 1128 pair-wise comparisons were significantly 
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different from the mean.  Aside from day 0 samples, statistical significance was random 
across the treatment time combinations and not restricted to any particular treatment time 
combination.  We were unable to determine any discernable patterns from the results of 
this portion of the analysis.  Controls and BHT treated stakes exhibited higher species 
richness and abundance, but it was not always significantly higher in the earlier sampling 
times (3 months). At six months, there was significantly higher species richness and 
abundance in controls and BHT compared to biocide treated samples in 34 of the 48 pair-
wise comparisons of BHT and 24 of the 48 pair-wise comparisons of untreated samples.  
The ACQ-C and CTN treatments were not significantly different from one another.   
Pair-wise comparisons of the site by time combinations indicated that all site by 
time comparisons were significantly different from the mean with the exception of 0 
months (both Dorman Lake (p=1.0) and Saucier (p=1.0) and Saucier 12 months 
(p=0.9602).  These results are largely influenced by the lack of fungi present at the 12 
month sampling at the Saucier site.   
Pair-wise comparisons of exposure by treatment combinations indicated the BHT 
above had significantly higher species richness and abundance from all other 
combinations and above ground controls were significantly higher than all other 
combinations with the exception of CTN 0.1%+ BHT 2.0% (p=0.5298) and ACQ-C 
below ground (p=0.0652).  All of the biocide treatments were not significantly different 
from one another both above and below ground except for 0.1% CTN + 2% BHT above 
ground, which was significantly higher than all exposure treatment combinations with 
mean species richness less than 3.1.   
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Basidiomycete Specific Primer Set: A total of 408 basidiomycete phylotypes 
(single peaks) were detected using T-RFLP in this study using the ITS IF-4BS primer set, 
representing 53 individual fungal species. At the Dorman Lake site, 265 basidiomycete 
phylotypes (142 above ground and 123 below ground) were detected, and 143 phylotypes 
(75 above ground and 68 below ground) were detected at Saucier.  In sound above 
ground samples (rating = 10) at Dorman Lake, T-RFLP detected basidiomycetes in 18% 
of the samples. At Dorman Lake, in above ground samples that were decayed more than 
10% (rating less than 8), T-RFLP detected the presence of basidiomycetes in 50% of 
samples and 25% in below ground samples.  In samples from failed stakes (rating = 0), T-
RFLP detected basidiomycetes in 28% of the samples.  Proc GLM is SAS was used to 
determine the effects of the experimental variables on species richness, evenness, and 
diversity.  The combined interaction of site, exposure, treatment, and time were found to 
affect mean species richness, evenness, Simpson’s and Shannon’s diversity.  However, 
due to the sporadic presence of basidiomycetes all factorial combinations with lsmeans 
for species richness above 1.5 were determined to be significant. The presence of this 
interaction combined with the low numbers of basidiomycetes collected from the treated 
wood stakes made the statistical analysis of species richness, evenness, and diversity 
extremely difficult.  Within samples that had basidiomycetes present, species richness 
was low and seemed to hold steady over the 15 months.  A total of 20 of the 192 factorial 
combinations had basidiomycetes present and each was significantly higher than the 
mean, but that is due to the extremely low mean.  Pair-wise comparisons of all 20 of 
these combinations were made and the controls had lower mean species richness than all 
other treatments (Table 2.3).   
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Table 2.3: Summary of pairwise comparisons of basidiomycete mean species richness for significant combinations of site, 
exposure, treatment, and time. Significantly different lsmeans are underscored.  (1=ACQ-C 0.25%, 2=ACQ-C 
0.37%, 3=CTN 0.1%, 4=CTN 0.25%, 5=CTN 0.1% + 2% BHT, 6=CTN 0.25%+2%BHT, 7=2.0% BHT, and 
8=controls).  Sampling times follow treatment –0, --3,--6,--9,--12, and –15. 
 
    Dorman Above Dorman Below Saucier Above Saucier Below 
    1--6 3--3 4--6 4--15 5--15 8--3 8--12 8—15 6--6 7--6 8--3 8--6 8--15 7--6 8--3 8--6 8--15 5--3 8--3 8--15 
  Mean 2.5 2 2.25 1.25 2 1.56 0.75 1.93 1.5 2 1.125 2.44 1.125 1.75 0.8125 0.937 0.5625 1.75 1.438 1 
DA1-6 2.5  0.3896 0.667 0.0317 0.3896 0.0415 0.0001 0.221 0.0855 0.3896 0.0028 0.8918 0.0028 0.197 0.0003 0.0007 <.0001 0.197 0.0209 0.0011
DA3-3 2.0 0.3896  0.667 0.197 1 0.341 0.0066 0.8918 0.3896 1 0.0571 0.341 0.0571 0.667 0.0099 0.0209 0.0018 0.667 0.221 0.0297 
DA4-6 2.3 0.667 0.667  0.0855 0.667 0.1348 0.0011 0.4964 0.197 0.667 0.0145 0.6832 0.0145 0.3896 0.0018 0.0044 0.0003 0.3896 0.0772 0.0066
DA4-15 1.3 0.0317 0.197 0.0855  0.197 0.4964 0.2766 0.1348 0.667 0.197 0.7855 0.0099 0.7855 0.3896 0.341 0.4964 0.1348 0.3896 0.6832 0.5863 
DA5-15 2.0 0.3896 1 0.667 0.197  0.341 0.0066 0.8918 0.3896 1 0.0571 0.341 0.0571 0.667 0.0099 0.0209 0.0018 0.667 0.221 0.0297 
DA8-3 1.6 0.0415 0.341 0.1348 0.4964 0.341  0.0053 0.197 0.8918 0.341 0.1324 0.0027 0.1324 0.6832 0.01 0.0317 0.0006 0.6832 0.667 0.0531 
DA8-12 
0.8 0.0001 0.0066 0.0011 0.2766 0.0066 0.0053  <.0001 0.1028 0.0066 0.197 <.0001 0.197 0.0297 0.8297 0.5187 0.5187 0.0297 0.0182 0.3896 
DA8-15 1.9 0.221 0.8918 0.4964 0.1348 0.8918 0.197 <.0001   0.341 0.8918 0.0053 0.0855 0.0053 0.6832 0.0001 0.0006 <.0001 0.6832 0.0855 0.0013
DB6-6 1.5 0.0855 0.01 0.197 0.667 0.3896 0.8918 0.1028 0.341   0.3896 0.4144 0.0415 0.4144 0.667 0.1348 0.221 0.0415 0.667 0.8918 0.0297 
DB7-6 2.0 0.3896 1 0.667 0.197 1 0.341 0.0066 0.8918 0.3896  0.0571 0.341 0.0571 0.667 0.0099 0.0209 0.0018 0.667 0.221 0.0297 
DB8-3 1.1 0.0028 0.0571 0.0145 0.7855 0.0571 0.1324 0.01 <.0001 0.4144 0.0571  <.0001 1 0.1739 0.2823 0.5187 0.0531 0.1739 0.2823 0.667 
DB8-6 2.4 0.8918 0.341 0.6832 0.0099 0.341 0.0027 0.197 0.0053 0.0415 0.341 <.0001  <.00001 0.1348 <.00001 <.0001 <.0001 0.1348 0.0006 <.0001
DB8-15 1.1 0.0028 0.0571 0.0145 0.7855 0.0571 0.1324 0.197 0.0053 0.4144 0.0571 1 <.0001   0.1739 0.2823 0.5187 0.0531 0.1739 0.2823 0.667 
SA7-6 1.8 0.197 0.667 0.3896 0.3896 0.667 0.6832 0.0297 0.6832 0.667 0.667 0.1739 0.1348 0.1739   0.0415 0.0772 0.0099 1 0.4964 0.1028 
SA8-3 0.8 0.0003 0.0099 0.0018 0.341 0.0099 0.01 0.8297 0.0001 0.1348 0.0099 0.2832 <.0001 0.2823 0.0415  0.667 0.3896 0.0415 0.0317 0.5187 
SA8-6 0.9 0.0007 0.0209 0.0044 0.4964 0.0209 0.0317 0.5187 0.0006 0.221 0.0209 0.5187 <.0001 0.5187 0.0772 0.667  0.197 0.0772 0.0855 0.8297 
SA8-15 0.6 <.0001 0.0018 0.0003 0.1348 0.0018 0.0006 0.5187 <.0001 0.0415 0.0018 0.0531 <.0001 0.0531 0.0099 0.3896 0.197   0.0099 0.0027 0.1324 
SB5-3 1.8 0.197 0.667 0.3896 0.3896 0.667 0.6832 0.0297 0.6832 0.667 0.667 0.1739 0.1348 0.1739 1 0.0415 0.0772 0.0099   0.4964 0.1028 
SB8-3 1.4 0.0209 0.221 0.0772 0.6832 0.221 0.667 0.0182 0.0855 0.8918 0.221 0.2823 0.0006 0.2823 0.4964 0.0317 0.0855 0.0027 0.4964  0.1324 




The use of preservative treatment increased mean species richness of 
basidiomycetes both above and below ground and at both sites.  This result is based 
on a fairly limited sample and will require further study, but as it stands the trend is 
opposite of what was seen in the general fungal data, where biocide treatment led to a 
significant decrease in fungal species richness, evenness, and diversity. The same 
pattern was detected in regards to Shannon’s diversity. For Shannon’s diversity, the 
low concentration of ACQ-C at 6 months had the highest diversity 0.58, but it was 
only significantly higher than all other samples with diversity less than 0.2.   
 
Fungal Community Analysis  
In addition to determining if the total numbers of species change over time 
and due to treatment, a main objective of this study was to determine compositional 
changes in the fungal communities.  Statistically significant interactions from the 
Proc GLM were used as the template for the community analysis: site and time, 
treatment and exposure, and treatment and time were all analyzed using both NMDS 
and EstimateS®.  The software package EstimateS® v8.0 (Colwell 2005), was used to 
calculate similarity indices using modified incidence-based estimates based on 
Jaccard and Sorenson similarity indexes as well as abundance corrected richness 
estimates.  The indices are commonly used to measure β-diversity between different 
assemblages or communities.  These modified measures are adjusted to account for 
unseen shared species and gives a more accurate estimate of true species richness 
than is reflected by sampling (Chao et al. 2005).  Fungal community data was also 
analyzed at individual sampling periods using PC-ORD v5.0 (Gleneden Beach, OR).  
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Compiled community profiles for each treatment were compared using non-metric 
multidimensional scaling (NMDS) to observe the changes in ordination of the points 
over time; again using Jaccard’s index as the distance measure.  NMDS is commonly 
used in ecological studies for graphical representation of community data, and 
illustrates the spatial relationships between the different treatments over time based 
on their species composition.   
Total Fungal Community:  The general fungi data was analyzed to determine 
differences in the fungal communities by the combined interactions of site and time, 
exposure and treatment, and treatment and time.  The abundance based Chao-Jaccard 
index (Chao et al. 2005) was used as a measure of similarity among all factorial 
combinations.  For the fungal community, the Chao indices became greater over time 
for all treatments, and held constant for the controls.  There was little difference 
between controls after 3 months exposure, but there was higher variation in the 
treated samples.  Over time, the treated samples began to coalesce and between 12 
and 15 months became more similar to the control communities.  The trajectory of 
these communities was basically linear, with the exception of the 12 month data, 
which caused a divergence from the successional trajectory.  The successional 
trajectory indicates that preservative treatment initially resulted in different fungal 
communities, but over the 15 month exposure, the community eventually developed 
into the stable community that held constant in the controls. 
Basiomycete Community: The basidiomycete data was analyzed to determine 
differences in the communities by the interacting effects of site, location, treatment, 
and time.  This normally would be a daunting task, but to the low numbers of 
basidiomycetes present it was possible to analyze the entire data set simultaneously 




Figure 2.3: NMDS ordination of basidiomycete communities for all site, exposure, 
treatment, and time combinations for field data from Dorman Lake and 
Saucier test sites. 
 
There is some clustering of communities, but it does indicate that some 6 
month communities were similar among similarly treated groups (CTN and 
CTN+BHT).  Also, the controls at 12 months were extremely different from Saucier 
above and below ground, possibly due to environmental conditions.  The central 
portion of this graph shows a large grouping of communities that are similar, but the 
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group consists of a wide variety of site, treatment, and time combinations. Only 2 of 
the communities contained within this grouping were below ground.   
Many of the 12 and 15 month communities fell outside of this central group 
and all of the ACQ-C treated wood communities, which exhibited some of the highest 
basidiomycete species richness, fell outside of this cluster.  Based on these results, it 
is difficult to make any direct comparisons between the effects of site, exposure, 
treatment, or time on the species composition of basidiomycetes.  The Estimates ® 
analysis indicated that many of the communities were different among treated 
samples, while controls and non-biocidal (BHT) treatments were similar based on 
their Chao-Jaccard Estimate (CJE) values.  All comparisons with CJEs greater than 
0.9 (those that contain 90% or more of similar species) are listed in Table 2.4. 
 
Preservative Retention Analysis 
 ACQ-C:  Due to complications in analytical analysis, retention data for the 
ACQ-C treatments are not available.  We are working towards analysis of these 
samples using HPLC and will be presented when analysis is completed.  The solvent 
and calibration curves for these samples are different than those for the CTN or BHT.  
ACQ-C was also used as a comparison to determine the relative efficacy of CTN and 
BHT, but the ACQ-C retention data will still be analyzed and correlated to the decay 
ratings and α diversity measures.   
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Table 2.4:  Summary of β-diversity values for basidiomycete T-RFLP data.  All pair-
wise comparisons with Chao-Jaccard Estimated similarity (Cha-Jacc Est) 
values between site-exposure-treatment-time combinations with values 0.9 or 
greater.   
 
 
1st 2nd obs1 Obs2 shared ACE 1 ACE 2 CSE Jacc Soren CJR CJEST StDev 
SB83 SB86 12 5 5 25.712 15 17 0.417 0.588 0.565 1 0.233 
SA715 SA815 4 7 4 10 15.75 11.667 0.571 0.727 0.667 1 0.176 
SA53 SA515 4 4 3 10 10 8 0.6 0.75 0.632 1 0.223 
DA56 SA53 4 4 3 10 10 15.75 0.6 0.75 0.6 1 0.203 
DB13 SB23 3 2 2 6 3 6 0.667 0.8 0.667 1    0.329 
DA66 DB515 3 3 3 6 6 8 1 1 1 1 0 
DA66 DB512 3 2 2 6 3 3.25 0.667 0.8 0.75 1 0.285 
DA66 DB46 3 2 2 6 3 3.25 0.667 0.8 0.75 1 0.306 
DA66 DB36 3 2 2 6 3 3.25 0.667 0.8 0.75 1 0.291 
DB36 DB66 2 3 2 3 3.6 3 0.667 0.8 0.833 1 0.227 
DB46 DB66 2 3 2 3 3.6 3 0.667 0.8 0.833 1 0.211 
DB512 DB66 2 3 2 3 3.6 3 0.667 0.8 0.833 1 0.245 
DB36 DB515 2 3 2 3 6 6 0.667 0.8 0.667 1 0.302 
DB315 DB515 2 3 2 3 6 6 0.667 0.8 0.667 1 0.311 
DB46 DB515 2 3 2 3 6 6 0.667 0.8 0.667 1 0.329 
DB512 DB515 2 3 2 3 6 6 0.667 0.8 0.667 1 0.347 
DB36 DB512 2 2 2 3 3 6 1 1 1 1 0 
DB46 DB512 2 2 2 3 3 6 1 1 1 1 0 
DB315 DB53 2 2 2 3 3 3.25 1 1 1 1 0 
DB36 DB46 2 2 2 3 3 6 1 1 1 1 0 
DA712 SB76 1 1 1 1 1 1.25 1 1 1 1 0 
DA19 SB66 1 1 1 1 1 1.25 1 1 1 1 0 
SB36 SB66 1 1 1 1 1 1.25 1 1 1 1 0 
SB46 SB56 1 1 1 1 1 1.25 1 1 1 1 0 
DA19 SB36 1 1 1 1 1 1.25 1 1 1 1 0 
DB215 DB43 1 1 1 1 1 1 1 1 1 1 0 
DB23 DB26 1 1 1 1 1 1 1 1 1 1 0 
DA36 DA53 1 1 1 1 1 1 1 1 1 1 0 
DA315 DA53 1 1 1 1 1 1 1 1 1 1 0 
DA36 DA315 1 1 1 1 1 1 1 1 1 1 0 
SA715 SA86 4 9 3 10 22.143 10 0.3 0.462 0.404 0.992 0.331 
DB86 SB815 15 11 8 26.822 19.556 33.161 0.444 0.615 0.653 0.978 0.156 
SB86 SB815 5 11 4 15 19.556 11.667 0.333 0.5 0.343 0.963 0.308 
SA83 SB76 2 1 1 2 1 0 0.5 0.667 0.923 0.923 0.378 
DA712 SA83 1 2 1 1 2 0 0.5 0.667 0.923 0.923 0.423 
EstimateS (Version 8.0.0), Copyright R. K. Colwell:  http://viceroy.eeb.uconn.edu/estimates   
Shared Species and Similarity Statistics Output from Input File:  BS-ALL  (October 16, 2007)   
*Sample key SB=Saucier Below, SA=Saucier Above, DB=Dorman Lake Below, and BA=Dorman 
Lake Above, numbers following indicate treatments (1-8) and sampling period (0, 3, 6, 9, 12, and 15 
months). 
  
CTN:  Results from the 0.1% CTN retention data using PROC GLM indicated 
that site exposure and time interact to significantly effect mean preservative retention 
(P=0.0002).  A graph of mean preservative depletion for all site exposure 
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Figure 2.4: Graph of 0.1% CTN depletion for all combinations of site and exposure. 
 
 
PROC CORR was used to determine p-values at the 0.01 level as well as 
Pearson’s correlation coefficient (p-coeff), which indicates the relationships between 
the variables.  The results of the PROC CORR analysis indicated that for the total 
fungal community, decay rating is positively correlated with preservative retention 
(P-coeff=0.42, p=<.0001), while species richness (p-coeff=-0.28, p=0.0074), 
Simpson’s diversity (p-coeff=-0.2823, p=0.0088), and Shannon’s diversity (p-coeff=-
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0.268, p=0.0130) were all negatively correlated with CTN retention.  Mean 
preservative retention was significantly less in samples with greater species richness 
and diversity.  For the basidiomycete specific samples, decay rating was positively 
correlated with CTN retention (p-coeff=0.4297, p=<.0001).  For both the fungal and 
basidiomycete community, the samples with high decay ratings had the highest mean 
CTN retentions.  None of the α-diversity measures were correlated with mean CTN 
retention.  Results from the 0.25% CTN retention data using PROC GLM indicated 
that site exposure and time interact to effect mean preservative retention (p=0.0015).  
A graph of mean preservative depletion for all site exposure combinations over time 
is presented in Figure 2.5.  Analysis using PROC CORR found no correlations 
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CTN + BHT:  Preservative depletion results from the combined 0.1%CTN and 
2.0% BHT treatments were not correlated with any of the richness and diversity 
measures, but decay rating was positively correlated with preservative retention 
(0.4175) and antioxidant retention (0.5048).  PROC GLM results indicated that the 
variables site, exposure, and time interact to affect mean CTN retention.  A graph of 
mean preservative depletion for all site exposure combinations over time is presented 
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Figure 2.6: Graph of 0.1% CTN depletion when used in combination with 2%BHT 
for all site and exposure combinations over time.  
 
 
The preservative depletion results for the 0.25% CTN + 2.0% BHT treated 
samples indicated that there was no correlation between preservative or antioxidant 
retention and species richness, abundance, or decay rating.  The PROC GLM results 
again indicated that the variables site, exposure, and time interact to significantly 
effect preservative retention.  The same result was found to affect mean BHT 
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retention in the same samples.  A graph illustrating the depletion of mean CTN 
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Figure 2.7: Graph of 0.25% CTN depletion when used in combination with 2% BHT 
for all site exposure combinations over time.   
 
 
BHT:  Results from the depletion analysis for the 2.0% BHT showed that 
there was a positive correlation between BHT retention and decay rating (0.375).  
Samples with higher BHT retentions had higher corresponding decay ratings.  PROC 
GLM results indicated that only time affects mean BHT retention and the retention 
decreased in a linear manner from 0 to 15 months.  A graph depicting the change in 



















Figure 2.8: Depletion of 2% BHT used with no additional co-biocide.  Decrease in 
BHT retention was not significantly affected by the interacting variables of 






Total Fungal Community  
The consensus of the three analyses (SAS PROC GLM, PC-ORD NMDS, and 
EstimateS shared species Estimates) showed that several interacting factors 
(treatment and time, site and time, treatment and exposure) contribute to affect 
species richness, evenness, and Simpson’s diversity of fungi in field samples and that 
in general the use of wood preservatives slows the initial colonization of the wood.  
Controls and BHT contained significantly higher mean species richness, and BHT 
exhibited higher mean species richness than untreated controls.  Lower average 
species richness was found in all treatments containing biocide. No significant 
difference was found between biocides (ACQ-C or CTN) and there was no significant 
difference in species richness between treatment retentions.  Shannon’s diversity was 
affected by the interaction of site, treatment, and time.  However, due to the small 
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mean square error term (0.134) all of the factorial combinations excluding 0 month 
samples were statistically different from each other.  The basic trend was that 
Shannon diversity (sd) gradually increased over time, with a slight decrease at 12 
months, but recovering at 15 months.  After 15 months exposure, the BHT treatments 
had the lowest mean sd=0.49, followed by the CTN+BHT treatments, sd=0.54 (low 
dose) and sd=0.56 (high dose).  Controls had a mean sd of 0.60 after 15 months 
exposure.  The highest mean sd was ACQ-C 0.25% at 15 months (0.77), but it was 
not significantly different from other mean sd greater than 0.5.  
Ordination analysis using NMDS of all treatment time combinations gives a 
visual representation of previous findings.  Using NMDS, it is possible to graphically 
depict how these populations change over time and distance between treatment time 
combinations indicates similarity based on their Jaccard distance measures.  NMDS 
of all treatment time combinations showed that these combinations were similar for 
controls and BHT and that the biocide treated wood had greater variation in fungal 
species composition at different sampling times, but treatments eventually coalesce 
and become more similar to untreated samples.  This also suggests that biocide 
treated wood is slowing the colonization process, but even the treated wood 
eventually reaches a stable species composition.   
The EstimateS® analysis was used to compile pair-wise comparisons of all 
treatment time combinations and gave a modified measure of Jaccard’s similarity 
taking into account randomly occurring shared species not detected by T-RFLP.  The 
pair-wise comparisons followed the same pattern as indicated by the NMDS analysis.  
Communities associated with each treatment time combinations are more different 
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initially and become more similar over the course of the 15month exposure, so that at 
15 months, treatments are very similar to controls in their species composition.  This 
might not be the case had the treatments been used at higher retentions, but it does 
indicate that either preservatives are being rendered less effective by the invading 
microbial community or that these assemblages are developing levels of resistance to 
the preservative treatments and over time the fungal community does approach a 
stable community, even in preservative treated wood.  
Comparisons of above and below ground treatments showed that the above 
ground BHT and controls were significantly higher than all other above and below 
ground treatments, but controls and BHT below ground were not statistically higher.  
This could be due the fact that the below ground exposure is spatially restricted and 
may prevent some airborne colonization of the wood by spores.  Additional study of 
above and below ground communities taking into account more soil variables 
(structure, available oxygen, and fluctuations in soil moisture content) over longer 
periods of time would be an extremely valuable asset in determining the contribution 
of soil exposure to the decay process.  NMDS analysis showed definite clustering of 
treatments for both above and below ground treatments, with the exception of BHT.  
Communities associated with ACQ-C above and below ground were extremely 
similar at both low and high concentrations.  Treatments containing CTN (CTN, 
CTN+BHT) clustered separately in above and below ground exposure suggesting that 
the communities above and below ground are different, which was not indicated by 
the statistical analysis of species richness. 
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Statistical analysis also indicated that site and time interact to affect mean 
species richness.  This result turned out to be an artifact caused by a lack of fungal 
presence at 12 months at the Saucier site due to a lack of soil moisture.  Pair-wise 
comparisons of the site by time combinations made this instantly obvious and the 
NMDS ordination gave a similar result.  The relationship between these communities 
was one dimensional and only the Saucier 12 month site was different from the other 
site time combinations (r2=0.86).   
 
Basidiomycete Community  
The statistical analysis results showed that four factors (site, exposure, 
treatment, and time) interact to effect mean species richness.  The results of the pair-
wise comparisons gave a different result from what was seen with the total fungal 
community.  For the basidiomycete community, chemical treatment increases the 
mean number of species.  The controls were statistically different from 50% of all of 
the other pair-wise comparisons and the 15 month controls increased slightly, but 
were still lower than all of the treatments.   
 
CONCLUSION 
The results from the total fungal analysis showed that the use of wood 
preservatives (biocides) slows the initial colonization of wood by fungi.  The BHT 
treated and control samples exhibited higher species richness and abundance 
compared to stakes treated with either ACQ-C or CTN.  Over time, the fungal 
communities became more similar and appeared to coalesce at a stable community 
structure.  The successional trajectory of each treatment, as indicated by NMDS, 
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appeared to be linear, meaning that communities were initially not similar and over 
time became gradually more similar, which agreed with results from the EstimateS® 
analysis.  The exception to this pattern was the 12 month samples, which caused a 
slight divergence from this linear pattern.  This divergence was likely due to adverse 
environmental conditions (drought) that no doubt decreased detectable fungal 
richness.   
 Based on our sampling and detection methods, basidiomycetes make up a 
small percentage of the total fungal community.  Previous studies involving field test 
sites have come to similar conclusions (Räberg et al. 2005).  The basidiomycete 
community in treated samples exhibited higher species richness than untreated 
controls.  Diversity also increased following the same trend.  The community analysis 
of the basidiomycetes was not as conclusive as in the fungal community.  The 
successional trajectories were variable and did not seem to coalesce in the same 
manner as the fungal community.  The ephemeral presence of the basidiomycetes no 
doubt influenced these results and additional study would be necessary to substantiate 
these results.  
 This study demonstrates the utility of T-RFLP for examining community 
structure of wood associated fungi as they colonize and attack wood.  It is 
acknowledged that the preservative treatments used in this study are lower than 
recommended rates for these preservatives.  This was in order to shorten the time 
needed for decay to develop into a timeframe suitable for this dissertation.  Additional 
research will be needed to examine what the effects of molds and decay fungi have on 
treated stakes when subjected to longer periods of time.  In order to simulate this 
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scenario, a similar test to the field stake test was conducted using the accelerated 
decay test (Nicholas et al. 2002), which optimizes conditions conducive to decay in 
order to determine the efficacy of these preservatives when subjected to intense decay 
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EFFECTS OF CHLOROTHALONIL (CTN) AND BUTYLATED HYDROXY-
TOLUENE (BHT) ON BACTERIAL COMMUNITIES INVOLVED IN  
THE DETERIORATION OF WOOD USING TERMINAL  
RESTRICTION FRAGMENT LENGTH  




 Bacteria are an integral part of the soil ecosystem, involved with soil geochemical 
processes, nutrient fixation, and carbon assimilation (White 2000).  Bacteria also have an 
extraordinary ability to detoxify complex compounds in soil as demonstrated in decades 
of bioremediation research to remove environmental pollutants.  In decaying wood, 
bacteria are primary colonizers (Greaves 1969) and also play a role in the decay process, 
given certain environmental conditions (Bjordal and Nilsson 1999).  In particular, 
bacterial depletion of wood preservatives leads to increased susceptibility of treated wood 
to further decay (Duncan 1964).  An increased understanding of bacteria through the 
process of colonization and subsequent decay is needed in order to understand the 
contributions of bacterial species to wood decay as well as preservative depletion.  This 
study uses terminal restriction fragment length polymorphism analysis (T-RFLP) to 
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determine changes in the bacterial communities over time in treated southern yellow pine 
field stakes at two different test sites in Mississippi. 
 
Bacterial Contributions to Wood Decay 
 Wood preservatives are formulated to extend the service life of wood in exterior 
exposure.  The degradative capabilities of bacteria are a serious consideration when 
formulating wood preservatives.  Bacteria assimilate essential nutrients directly through 
their outer membrane and also produce extracellular compounds to detoxify harmful 
substances.  This requires bacterial cell membranes to be extremely adaptive to their 
surroundings (White 2000).  This adaptive nature is one reason that bacteria can break 
down highly complex chemical compounds as well as highly complex biological 
polymers (i.e. wood).  When looking at wood as a substrate, there are several roles that 
bacteria play during the process of colonization and subsequent decay.  Typically fungi 
are implicated in the microbial breakdown of the components of wood, especially the 
lignin matrix often considered resistant to bacterial degradation.  However, past studies 
have shown that bacteria can play a significant role in this process.  Forney and Reddy 
(1979) found that strains of Pseudomonas were able to delignify kraft pulp.  Deschamps 
et al. (1981) investigated mixed cultures of cellulolytic and lignin degrading bacteria and 
found that the combination could successfully delignify bark chips after 35 days 
exposure.  However, delignification was not observed when pure cultures were used in 
the same experiment.   
Bacteria can also break down extractives in wood that contribute to its natural 
durability.  Deschamps et al. (1981) observed significant degradation of tannins extracted 
62 
into liquid media from pine bark.  Burnes et al. (2000) examined the impact of 
inoculation with cultures of Pseudomonas fluorescens, Pseudomonas spp., Xanthomonas 
campestris, and Serratia marescens as they colonized yellow pine chips.  Inoculation by 
these bacteria resulted in a 40% decrease in overall extractives compared to an 11% loss 
in controls.  Scanning electron micrographs indicated that the bacteria had colonized 
resin canals, ray parenchyma cells, and fiber tracheids.  Tracheids with pit membranes 
had also been degraded after treatment with P. fluorescens.  These results are consistent 
with previous works indicating bacteria not only break down extractives that might be 
contributing to natural durability, but also create routes of entry for larger micro-
organisms, thus advancing the decay process (Greaves, 1971, Crawford and Crawford 
1980, Clausen 1996, and Blanchette 2000).   
In addition to breaking down naturally occurring compounds associated with 
wood, bacteria can also lead to preservative depletion.  While the current state of 
knowledge for bacterial degradation of newer generation wood preservatives is not 
conclusive, past research on the first generation wood preservatives has resulted in an 
overwhelming number of bacteria that can detoxify some of the most effective wood 
preservatives.  Once the preservatives are depleted by these bacteria, this creates 
opportunity for other micro-organisms, most importantly decay fungi, which might have 
otherwise been deterred.  Bacteria have been isolated that can degrade all of the first 
generation wood preservatives, such as creosote (Kanaly and Harayama 2000) and 
pentachlorophenol (McAllister et al. 1996).  Also, certain bacteria can change the valence 
states of the metals comprising chromated copper arsenate (Clausen and Smith 1998), 
leading to increased leaching and volatilization.   
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Creosote is a coal tar distillate that has been used to preserve wood for centuries.  
It is known to contain over 100 different polycyclic aromatic hydrocarbon (PAH) 
compounds, including phenanthrene, flouranthrene, naphthalene, and benzo-a-pyrene 
(Lorenz and Gjovik 1972).  The stability of these compounds made creosote an excellent 
wood preservative, but many strains of bacteria have been identified that can break down 
many of these components.  Select strains of Mycobacterium, Rhodocooccus, 
Pseudomonas, and Alcaligenes all have been found to mineralize many of the PAHs 
comprising creosote, even the multiple ring pyrene, which is a known human carcinogen 
(Weissenfels et al. 1990, Kanaly and Harayama 2000, Johnsen et al. 2005, and Bhatt et 
al. 2007).  
Pentachlorophenol is a chlorinated insecticide and fungicide and is currently 
limited to pressure treatment of poles and railroad ties.  Since 1990, PCP has been listed 
by the EPA as a restricted use pesticide and unavailable to the general public.  Cultures of 
Flavobacterium sp., Rhodococcus sp., Arthrobacter sp., Pseudomonas sp., Sphingomonas 
sp., and Mycobacterium sp. are all able to convert this compound into carbon dioxide and 
chlorine (McAllister et al. 1996, McBain et al. 1995, and Ederer et al. 1997).  
Chromated Copper Arsenate (CCA) is a complex of chromium, copper (II), and 
arsenate which was widely used as a wood preservative representing approximately 80% 
of the total treated wood market prior to its removal for general use (Schultz and 
Nicholas 2002).  In 2004, concerns over exposure of children to arsenic from playground 
equipment (Hemond and Solo-Gabriele 2004) led to this voluntary ban on CCA.  
Disposal of CCA treated wood creates concerns due to leaching and volatilization of 
chromium and arsenic into landfill emissions.  There is still a wide ranging debate as to 
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what the actual fate of CCA is in the environment, opposing views argue the components 
do not leach in the soil or in service and are therefore not of concern, but many contest 
that there is still insufficient data to determine if leaching is a valid concern (Hingston et 
al. 2001).  Regardless, there is a substantial amount of CCA treated wood that is no 
longer in service and disposed in landfills (Townsend et al. 2004, Saxe et al. 2007).  
Clausen et al., (1998) evaluated selected bacterial strains for removal of CCA 
components from treated wood and found that Bacillus licheniformis strain CC01 
successfully removed 90% of copper (CuO), 80% of chromium (CrO3), and 100% of 
arsenic (AS2O5) from CCA treated chips.   
Decades of bioremediation research have shown that preservative treated wood 
from residential waste can be bioremediated in order to lessen negative environmental 
impacts linked to disposal.  Similar research has found bacteria that can efficiently break 
down some of the most toxic man made compounds, such as methyl bromide (Omerland 
1994), and also able to break down long chain hydrocarbons, which have been used to 
remediate petroleum spill sites in situ (Leahy and Cowell 1990).  The fact that bacteria, 
given adequate time of exposure, can adapt to most anything makes effective and 
persistent wood protection very difficult.   
 
Molecular Methods for Bacterial Community Analyses 
 
Using traditional microbiological methods it can be very difficult and time 
consuming to differentiate and identify bacteria in environmental samples.  Cultural 
isolation leads to underestimations of true microbial diversity (Amann et al. 1995).  It has 
been estimated that 95% of microbes encountered in the environment cannot be cultured 
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onto artificial media; meaning that the vast amount of information gathered through the 
study of cultured organisms represents only 5% of what truly exists in nature.  Current 
and developing molecular methods offer quick, efficient, and effective methods for 
characterization and identification of bacterial communities in wood, soil, water, and 
numerous other environments.   
Mullis et al. (1986) developed the polymerase chain reaction, which made it 
possible to use specific primers to amplify DNA sequences from genomic DNA.  The 
development of PCR, along with development of primer sets specific for phylogenetically 
conserved regions, make it possible to perform culture independent isolation of bacteria 
from a wide variety of substrates.  The 16S rDNA (Edwards et al. 1989) region, coding 
for the small subunit of the prokaryotic ribosome, is present in all prokaryotes, and 
contains both conserved coding and variable non-coding regions creating differences in 
molecular composition of different species.  Cloning and sequencing of these regions can 
be used to identify bacterial isolates.  However, cloning and sequencing typically requires 
pure cultures and can be extremely time consuming and costly.  New technologies were 
developed that offered high throughput and highly sensitive methods for characterizing 
bacterial populations that incorporate the separation of amplified PCR products based on 
differences in DNA regions.  The most common analyses are:  denaturing gradient gel 
electrophoresis (DGGE) (Muyzer et al. 1993), ribosomal intergenic spacer analysis 
(RISA) (Borneman and Tripplett 1997), single stranded conformation polymorphism 
(SSCP) (Schweiger and Tebbe 1998), amplified ribosomal DNA restriction analysis 
(ARDRA) (Jensen et al. 1993) and terminal restriction fragment length polymorphism 
(T-RFLP) (Lui et al. 1997).  T-RFLP has been widely used to monitor changes in 
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bacterial communities in soil, water, and many other substrates. Although a significant 
amount of lumber in use in the southeastern United States consists of southern yellow 
pine, very little is known of the actual bacterial community that colonizes and contribute 
to its decay.  The study utilizes T-RFLP to observe changes in bacterial populations in 
treated and untreated wood over time in order to determine how these changes affect the 
decay process and/or preservative depletion within the wood.  
 
MATERIALS AND METHODS 
 
Field Procedures 
Field Stakes: Field stakes measuring 1.9 X 1.9 X 100.3 cm (t x r x l) were 
prepared from defect free southern yellow pine (SYP) sapwood.  The stakes were divided 
into four treatment sets, which contained samples from the same boards.  Each set also 
contained matching untreated controls.  Twenty four field stakes; six matching sets of 
four, were treated using the full cell method (29 in Hg vacuum for 30 min followed by 
150 psi pressure for 1 hr.) with: 0.25 and 0.37% ammoniacal copper quat (ACQ-C), 0.1 
and 0.25% chlorothalonil (CTN), 2% butylated hydroxytoluene (BHT), 0.1 and 0.25% 
CTN in combination with BHT, and controls were left untreated.  
Ammoniacal copper Quat (ACQ-C), which is the combination of Copper (II) and 
a quaternary ammonium compound (Quat), was used as the positive control in the field 
stake test.  It is currently one of the most widely used waterborne preservatives since the 
voluntary restriction of CCA.  The decay ratings from this stake test were compared to 
determine relative efficacy of CTN, BHT, and the combined treatments in relation to 
ACQ-C.  Chlorothalonil is a well known, environmentally friendly, and commercially 
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important fungicide that has been used in the past as a wood preservative for control of 
mold and sap stain.  Butylated Hydroxy Toluene (BHT) is a relatively low cost, benign 
antioxidant (used in many food and personal care products) that exhibits synergistic 
effects when used in combination with organic biocides, such as CTN (Schultz and 
Nicholas 2002).   
After treatment, the ACQ-C samples were bagged for seven days to allow fixation 
of the preservatives and air dried until a constant weight was reached.  All other samples 
were air dried immediately after treatment until a constant weight was reached.  An 8.9 
cm long sample was cut from the center section of each field stake for possible depletion 
analysis leaving 2 matching 39cm long field stakes.  These matched field stakes were 
labeled with a specific number and a letter suffix identifying the location of the stake 
(A=Saucier and B=Dorman Lake).  
Test Plots: Test plots are located in the Desoto National Forest in Saucier, MS 
and at Dorman Lake on Mississippi State University’s John Starr Memorial Forest 
outside of Starkville, MS.  The experimental design was a completely randomized block 
design.  The stakes were randomized and installed using a gas powered auger. The 39 cm 
long stakes were installed by inserting them vertically into the ground to a depth of 19.5 
cm. 
Sampling Schedule:  Sampling was conducted over 15 months at 0, 3, 6, 9, 12, 
and 15 month intervals.  At each sampling interval, one matched set of four field stakes 
for each six treatment series, totaling twenty four stakes, was removed and taken back to 
the laboratory for processing.  Sample identification, original board identification, and 
removal times for each series were documented.  Visual rating of decay was used to 
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measure the extent of decay in the test stakes using the AWPA Standard E7-01 visual 
decay rating system.  Stakes were retained for DNA analysis using T-RFLP and 
preservative retention analysis using High Pressure Liquid (HPLC) and Gas 
Chromatography (GC).  The quantitative data collected from the HPLC and GC analysis 
were analyzed to determine any decrease in the retentions of ACQ-C, CTN, and BHT as 
a consequence of biological degradation, leaching, and evaporation of the preservatives 
in the field.  
 
Laboratory Procedures 
DNA Extraction (Physical Preparation):  Prior to processing, stakes were kept at 
room temperature and not subjected to excess air drying.  One hundred fifty milligram 
samples of sawdust were removed from each stake by manual extraction using a flame 
sterilized wood rasp.  Collected sawdust was placed into a 2 ml cryo-collection tube and 
placed into a -80ºF freezer until ready to be extracted for microbial genomic DNA.   
For physical disruption of the wood fibers, a 50 mg sample of sawdust was placed 
into a 2 ml cryotube. 1000 µl of a CTAB lysis buffer (2% cis-trimethyl ammonium boric 
acid, 100mM Tris, 20mM Na2EDTA, 1.4M NaCl, and 1% polyvinylpyrolidine) was 
added to each sample, along with two 5 mm glass beads.  The sample was placed on a 
bead mill for three minutes at maximum speed.  The resulting mixture was extracted for 
genomic DNA using a Machery Nagel Nucleospin Plant DNA extraction Kit (Machery-
Nagel, Easton, PA, USA). 
DNA Extraction (Chemical Extraction Procedures):  A 10uL aliquot of RNase A 
was added to each homogenized sawdust sample and incubated for 2 hours at 65ºC for 
69 
cell lysis, mixing every 15-20 minutes by inverting the tube.  The mixture was transferred 
to a Nucleospin® spin column and centrifuged for 5 minutes at 11,000 x g to filter the 
lysate.  The flow through was transferred to clean centrifuge and mixed with 850uL of 
binding buffer.  The mixture was passed through a second spin column with a silica 
membrane for 1 minute at 11,000 x g, binding the genomic DNA.  The silica membrane 
was washed to remove possible contaminants, and dried by centrifugation at 13,000 x g 
for 2 minutes.  The DNA was eluted from the silica membrane by adding 50uL of 65°C 
elution buffer, incubated at room temperature for 5 minutes, and centrifuged at 8,000 x g 
for 1 minute to collect the eluted DNA (Machery-Nagel 2006). 
Polymerase Chain Reaction (PCR):  To amplify the DNA region of interest, 
extracted bacterial DNA was amplified for T-RFLP analysis using a D4 labeled general 
bacteria 16S F and 16S R primer pair (Edwards et al. 1989).  The size of the target region 
(16S rDNA gene) to be amplified is approximately 1.5 kilo base pairs.  Bacterial DNA 
amplification was carried out using an Eppendorff Master-cycler© using the following 
settings: an initial hot start at 94ºC for 4 minutes (diluted template DNA only), melting at 
94ºC for 45 seconds, annealing at 57ºC for 1 minute, and extension at 68ºC for 2 minutes, 
and final extension at 68ºC for 7 minutes for a duration of 40 cycles.  The master mix 
containing 60mM reaction buffer, 90mM MgCl, 48mM deoxynucleotide triphosphates 
(dNTPs), Bovine Serum Albumin (BSA) (12 μg per reaction), ddH20, and Taq DNA 
polymerase (1.5units per reaction) was added after the initial hot start while the samples 
remained on a bench top cooler at in order to halt all enzymatic activity.  The hot start 
causes nicking of the genomic DNA, which shortens the amount of time to annealing and 
decreases off-target amplification. 
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 A 13 μl sample of the amplified DNA along with 2 µl of 6X loading dye (15% 
Ficoll® 400, 0.03% bromophenol blue, 0.03% xylene cyanol FF, 0.4% orange G, 10mM 
Tris-HCl (pH 7.5) and 50mM EDTA) was loaded into a 2.0% agarose electrophoresis gel 
to ensure that proper amplification of the target region is achieved.  Fragment sizing was 
confirmed using a 100 base pair ladder to ensure amplified DNA was in the target range. 
The remaining samples were digested using restriction enzymes to cut the amplified 
DNA into uniform fragments.  The amplified bacterial DNA was cut using Msp 1 in 
preparation for fragment analysis.  Restriction digests were verified on 4% high-
resolution electrophoresis gels.  All double stranded products were stained on agarose 
gels using 0.1% ethidium bromide and visualized on a UV light box.  Digested samples 
were filtered using a PCR clean-up kit following manufacturer’s specification to remove 
residual PCR and enzyme digest reagents (Machery-Nagel 2007). 
Fragment Analysis:  Up to 5μL of the digested sample was loaded into a sample 
loading solution (SLS) containing 0.5μL of size standard 600 (Beckman Coulter 
Fullerton, CA) in a 96 well plate and overlaid with sterile mineral oil.  Plates were 
submitted to The Life Science Biotechnology Institute (LSBI) at Mississippi State for 
analysis.  Fragments were analyzed on a Beckman Coulter CEQ 8000 DNA Analysis 
system (Beckman Coulter, Fullerton, CA).  Individual community fingerprints, resulting 
from an array of peaks corresponding to unique fragment sizes, were generated for each 
sample that was successfully amplified from the initial PCR amplification.  Samples that 
failed to amplify were not considered for fragment analysis since bacterial DNA was at 
levels below our detection threshold, which we had previously established at 
approximately 2ng/μL total genomic DNA.  The resulting fragment data was manually 
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screened to remove artifacts and low quality data.  After the fragment data was screened 
and corrected, the resulting T-RFLP data was combined using the Bin function in the 
CEQ fragment analysis software. Binning is a process that creates a data matrix of 
individual bacterial species as indicated by a unique size fragment referenced to the 
individual samples where they originated (Beckman Coulter 2004).  This data matrix is a 
binary representation of presence absence data for the entire data set and was exported as 
comma separated value file (.csv) and formatted for further analysis using additional 
ecological interpretation software.   
 
Statistical Analyses 
Field Stake Data: Field stake rating data was analyzed using PROC ANOVA in 
SAS v9.2.  Location, treatment, and time were used as fixed effects and decay rating was 
used as the response variable.  The effects of site, treatment, time, and all possible 
interactions on mean decay ratings were analyzed using an alpha of 0.01 to determine 
statistical significance.  In the event of interaction, pair wise comparisons of least squared 
means (lsmeans) of interacting effects were made in order to determine the effects on 
mean decay ratings of treated field stakes.  
Fragment Analysis Data: Fragment analysis data were analyzed using PROC 
GLM in SAS v9.2.  Site, exposure (above or below ground), treatment, and time were 
used as experimental variables. Species descriptors (species richness, evenness, and 
diversity measures) that were generated using PC-ORD v5.0 (Gleneden Beach, OR) were 
used as the response variables.  The effects of site, exposure, treatment, time, and all 
possible interactions on species descriptors were analyzed using an alpha of 0.01 to 
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determine statistical significance.  In the event of interaction, pair wise comparisons of 
lsmeans of interacting effects were made in order to determine the effects on mean 
species richness and diversity of treated field stakes.  
Microbial Community Analysis: Individual T-RFLP fingerprints for each sample, 
both above and below ground, were exported into PC-ORD in order to generate measures 
of species richness, evenness, and diversity (both Simpson’s and Shannon’s diversity 
measures) based on the composition of the individual T-RFLP vector data.  Richness is 
the simplest of these measures and is the total number of species encountered in a given 
habitat.  Evenness is a representative measure of the distribution of species in comparison 
the overall community.  Simpson’s index is a simple measure of α-diversity, it takes into 
account the proportion of individuals for each species present in the sample and is 
calculated as D=1/sΣi=1Pi2, where S = the total number of species present in the sample 
and Pi is the proportion of the ith species to the overall community.  Shannon’s index is 
another commonly used measure of diversity.  The advantage of Shannon’s diversity 
measure is that it takes into account species evenness as well as species richness.  It is 
calculated as H= - sΣi=1pilnPi , where S = the total number of species present in the sample 
and Pi is the proportion of the ith species to the overall community (Begon, Harper, and 
Townsend 1990).  Sample data generated in PC-ORD was then exported and appended to 
the original data set for further statistical analysis.   
PC-ORD was also used to display graphical differences between bacterial 
communities.  Non-metric multidimensional scaling (NMDS) is an iterative search 
algorithm that searches for the optimal orientation of n species on k dimensions that 
minimizes stress of the k-dimensional configuration.  The output is a graphical 
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representation of individual samples and their orientation in “species space” based on 
their species composition.  NMDS makes it possible to observe changes in community 
data based on changes in their overall similarity over time and in response to different 
external variables.  Jaccard’s measure was used as the distance measure in all of the 
analyses and ordinations were performed using the default “quick and dirty” search 
method (McCune and Grace 2002).  Outputs were used to visually compare differences 
between microbial communities according to the appropriate classification variables (site, 
location, treatment, time).   
Community data was also analyzed using EstimateS® (Storrs, CT) to compare β-
diversity between communities.  Presence absence data was summed across treatment 
time combinations and EstimateS was used to calculate indices of similarity based on 
Chao’s abundance adjusted Jaccard distance model.  This model takes into account the 
occurrence of rare species and the probability of not detecting them in sampling.  It is 
frequently used in data sets that have unseen species in samples in order to create 
abundance based estimates of species diversity (Chao et al. 2005). EstimateS® also 
creates a similar abundance based coverage estimate (ACE) that is an indication of 
species richness based on the probability of unseen and rare species.  These estimates 
also include a calculated standard error and 95% confidence interval so that they can be 
used to make direct comparisons without any additional statistical inference.   
Preservative Retention Data: Preservative retention data was initially analyzed 
using PROC GLM in SAS v9.2 to determine if the effects of site, exposure, and time or 
any combination effect preservative concentration.  Preservative retention data was also 
analyzed using PROC CORR in SASv9.2.  Percent depletion of preservatives for each 
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individual sample was used as the response variable and analyzed using PROC CORR to 
evaluate correlations between preservative depletion, species richness, evenness, 
diversity, and decay ratings.  Pearson’s correlation coefficient was used to determine the 
correlation of the individual variables and an alpha of 0.01 was used to accept or reject 




Field Decay Ratings 
Field stakes were rated as they were collected from the field.  Field stake ratings 
were analyzed using PROC ANOVA in SAS v9.2.  Sites were analyzed separately in 
order to eliminate multiple factor interactions between site, treatment, and time.  
Statistical analysis indicated that treatment and time both interact to affect mean decay 
ratings at both Dorman Lake (P=0.0001) and Saucier (P=0.0001).  At the Dorman Lake 
site, five treatments (ACQ-C 0.37, ACQ-C 0.25%, CTN 0.25%, CTN 0.1%+2.0%BHT, 
and 0.25%+2.0%BHT) retained a mean decay rating of 10 over the entire 15 month 
period, while 0.1% CTN and BHT 2.0% had mean decay ratings of 9.5 (SD=0.577) and 
9.0 (SD=0.0), respectively. Statistical analyses indicated that these means were not 
significantly different from the other treatments.  Untreated controls were significantly 
lower, with a mean decay rating of 7.4 (SD=1.48).  According to the E1-07 standard, a 
decay rating of 7 indicates removal of 10-30% of cross section of field stakes due to 
decay. At the Saucier test site, the same five of the eleven treatment groups (ACQ-C 
0.37%, ACQ-C 0.25%, CTN 0.25%, CTN 0.1%+2.0% BHT, and 0.25%+2.0% BHT) 
retained a mean decay rating of 10 for the entire 15 month period, while CTN 0.1% and 
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2.0% BHT had mean decay ratings of 8.25 (SD=0.5) and 8.0 (SD=0.0), respectively. 
According to the E1-07 standard, a decay rating of 8 indicates removal of 3-10% of the 
cross section of the field stakes due to decay. Statistical analysis found no difference 
between these treatments and all other treatments.  Untreated controls had a significantly 
lower mean decay rating of 6.0 (SD=3.22), indicating a removal of 30-50% of cross 
section of the field stakes due to decay.   
 
Bacterial Fragment Analysis Data 
 A total of 16, 597 individuals were isolated from the field study representing 174 
unique bacterial species.  From Dorman Lake, 6,456 individuals were detected (2,759 
above ground and 3,697 below ground).  At Saucier, 10,141 individuals were detected 
(4,789 above ground and 5,352 below ground).  The results from the PROC GLM 
analysis indicated that bacterial species richness was affected by the combined interaction 
of exposure, treatment, and time.  Least squared means (lsmeans) of all exposure by 
treatment combinations over time are presented in Table 3.1.  Statistical results using 
evenness as a response variable were not correlated with the other measures of α-
diversity and were not used to make comparisons.  Results from PROC GLM using 
Simpson’s and Shannon’s diversity were both affected by the interaction of site, 
exposure, treatment, and time.  Tables of least squares means (lsmeans) are presented in 




Table 3.1: Bacterial Species Richness: Least squared means (Lsmeans) of bacterial 
species richness for each treatment (x) exposure combination at each sampling 
period. 
 
  Time of Exposure 
TREAT EXP 0 3 6 9 12 15 
ACQ-LO ABOVE 0 39* 14 33* 16* 25 
ACQ-HI ABOVE 0 28* 6 19* 7* 23 
CTN-LO ABOVE 0 11 14 21* 9* 25 
CTN-HI ABOVE 0 13 18* 16 8* 17 
MIX-LO ABOVE 0 12 30* 24* 9* 18 
MIX-HI ABOVE 0 9 7 12 9* 20 
BHT ABOVE 0 7 17* 20* 10* 22 
CON ABOVE 0 12 15 23* 12* 27 
ACQ-LO BELOW 0 18 19* 28* 7* 25 
ACQ-HI BELOW 0 21 18* 22* 5* 22 
CTN-LO BELOW 0 13 13 12 15* 42* 
CTN-HI BELOW 0 22 17* 30* 9* 17 
MIX-LO BELOW 0 38* 18* 24* 13* 21 
MIX-HI BELOW 0 21 16* 20* 13* 18 
BHT BELOW 0 27 15 26* 16* 31* 
CON BELOW 0 25 23* 28* 12* 21 
*Denotes significantly highest species richness value (or values) at each sampling interval 
using 0.01 significance level. 
 
 
Bacterial Community Data 
 PC-ORD:  Bacterial T-RFLP profiles were summed for each treatment and time 
combination to observe changes in the species ordination over time and due to treatments.  
Ordination graphs for each treatment are presented being compared to untreated controls.  
The controls had much less variation in their species composition.  At 3, 6, 9, and 15 
months the controls clustered very closely, indicating that they were similar in regards to 
their Jaccard similarity index.  The 12 month controls deviated from the cluster, possibly 
influenced by a lack of rainfall at the 12 month sampling at both sites.  This pattern has 
been noted in T-RFLP data of fungal populations conducted during this same study.  All 
of the treatments were scattered.   
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Table 3.2: Bacterial Diversity:  Lsmeans of Simpson's Diversity measures for all site(x) 
exposure(x) treatment combinations at each sampling interval. 
 
   Time of Exposure 
Site  Exp Treat 0 3 6 9 12 15 
Dorman  Above ACQ-Lo 0.0 3.6 0.0 3.5 0.0 2.4 
Dorman  Above ACQ-Hi 0.0 3.1 0.0 3.1 0.0 3.2 
Dorman  Above CTN-Lo 0.0 0.0 1.0 2.6 0.0 3.3 
Dorman  Above CTN-Hi 0.0 0.0 1.0 2.6 0.0 2.0 
Dorman  Above Mix-Lo 0.0 0.0 3.3 2.9 0.0 2.8 
Dorman  Above Mix-Hi 0.0 0.0 0.0 2.8 0.0 2.7 
Dorman  Above BHT 0.0 0.0 2.5 3.3 0.0 2.8 
Dorman  Above Controls 0.0 0.3 1.1 2.7 0.0 2.8 
Dorman  Below ACQ-Lo 0.0 2.2 3.0 3.1 0.0 3.0 
Dorman  Below ACQ-Hi 0.0 3.1 1.3 3.1 0.0 2.7 
Dorman  Below CTN-Lo 0.0 1.8 2.0 2.7 0.0 3.0 
Dorman  Below CTN-Hi 0.0 3.2 0.8 3.2 0.0 3.0 
Dorman  Below Mix-Lo 0.0 3.1 2.4 3.0 0.0 3.0 
Dorman  Below Mix-Hi 0.0 2.8 2.2 3.0 0.0 2.9 
Dorman  Below BHT 0.0 3.3 2.5 3.4 0.0 3.1 
Dorman  Below Controls 0.0 3.0 2.6 2.9 0.0 2.9 
Saucier Above ACQ-Lo 0.0 3.2 3.2 2.8 3.3 3.4 
Saucier Above ACQ-Hi 0.0 2.9 2.4 2.8 2.0 2.6 
Saucier Above CTN-Lo 0.0 3.0 2.7 2.8 2.8 2.6 
Saucier Above CTN-Hi 0.0 3.2 3.3 2.5 2.2 2.8 
Saucier Above Mix-Lo 0.0 3.1 3.3 2.6 2.8 2.4 
Saucier Above Mix-Hi 0.0 2.7 2.6 2.0 2.9 2.7 
Saucier Above BHT 0.0 2.6 2.7 2.5 2.9 3.0 
Saucier Above Controls 0.0 2.9 2.9 3.1 2.9 3.1 
Saucier  Below ACQ-Lo 0.0 3.0 2.7 3.4 2.4 3.1 
Saucier  Below ACQ-Hi 0.0 2.9 3.3 2.9 1.9 3.1 
Saucier  Below CTN-Lo 0.0 2.8 2.2 2.2 3.4 3.9 
Saucier  Below CTN-Hi 0.0 2.8 3.2 3.3 2.4 2.3 
Saucier  Below Mix-Lo 0.0 3.9 1.7 3.1 3.2 2.4 
Saucier  Below Mix-Hi 0.0 2.8 2.7 2.7 3.0 2.6 
Saucier  Below BHT 0.0 3.1 1.2 2.8 3.0 3.6 
Saucier  Below Controls 0.0 3.3 3.0 3.3 3.1 2.8 
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Table 3.3: Bacterial Diversity:  Lsmeans from Shannon’s Diversity values for all 
site(x)exposure(x)treatment combinations at each sampling period. 
 
      Time of Exposure 
Site  Exp Treat 0 3 6 9 12 15 
Dorman  Above ACQ-Lo 0.00 0.97 0.00 0.97 0.00 0.72 
Dorman  Above ACQ-Hi 0.00 0.95 0.00 0.95 0.00 0.95 
Dorman  Above CTN-Lo 0.00 0.00 0.25 0.84 0.00 0.95 
Dorman  Above CTN-Hi 0.00 0.00 0.43 0.89 0.00 0.67 
Dorman  Above Mix-Lo 0.00 0.00 0.95 0.93 0.00 0.93 
Dorman  Above Mix-Hi 0.00 0.00 0.00 0.93 0.00 0.92 
Dorman  Above BHT 0.00 0.00 0.84 0.96 0.00 0.91 
Dorman  Above Controls 0.00 0.11 0.35 0.88 0.00 0.87 
Dorman  Below ACQ-Lo 0.00 0.71 0.94 0.95 0.00 0.94 
Dorman  Below ACQ-Hi 0.00 0.95 0.46 0.95 0.00 0.93 
Dorman  Below CTN-Lo 0.00 0.76 0.70 0.93 0.00 0.93 
Dorman  Below CTN-Hi 0.00 0.96 0.24 0.96 0.00 0.95 
Dorman  Below Mix-Lo 0.00 0.95 0.72 0.93 0.00 0.95 
Dorman  Below Mix-Hi 0.00 0.89 0.71 0.94 0.00 0.94 
Dorman  Below BHT 0.00 0.96 0.72 0.96 0.00 0.94 
Dorman  Below Controls 0.00 0.95 0.86 0.92 0.00 0.89 
Saucier Above ACQ-Lo 0.00 0.95 0.96 0.89 0.96 0.96 
Saucier Above ACQ-Hi 0.00 0.89 0.89 0.94 0.79 0.91 
Saucier Above CTN-Lo 0.00 0.95 0.93 0.94 0.94 0.88 
Saucier Above CTN-Hi 0.00 0.96 0.96 0.90 0.71 0.92 
Saucier Above Mix-Lo 0.00 0.95 0.97 0.85 0.94 0.83 
Saucier Above Mix-Hi 0.00 0.92 0.92 0.86 0.94 0.90 
Saucier Above BHT 0.00 0.92 0.92 0.91 0.94 0.94 
Saucier Above Controls 0.00 0.92 0.94 0.94 0.89 0.93 
Saucier  Below ACQ-Lo 0.00 0.95 0.93 0.96 0.89 0.95 
Saucier  Below ACQ-Hi 0.00 0.94 0.96 0.93 0.69 0.93 
Saucier  Below CTN-Lo 0.00 0.94 0.70 0.88 0.97 0.98 
Saucier  Below CTN-Hi 0.00 0.93 0.95 0.95 0.72 0.87 
Saucier  Below Mix-Lo 0.00 0.98 0.48 0.95 0.96 0.72 
Saucier  Below Mix-Hi 0.00 0.93 0.93 0.93 0.93 0.92 
Saucier  Below BHT 0.00 0.95 0.43 0.93 0.93 0.97 
Saucier  Below Controls 0.00 0.96 0.89 0.96 0.95 0.93 
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Each treatment was plotted in comparison to untreated controls to observe the similarity 
of populations, as well as the rate of species turnover at each sampling period.  When the 
high and low doses of ACQ-C were compared to the controls in above ground exposure, 
the ACQ-C treatments were extremely scattered, the rate of turnover was much higher 
(treatments at adjacent months were very different from each other) and after 15 months 
exposure, the ACQ-C treatments were still different from untreated samples, suggesting 
that the populations did not reach a stable community (Figure 3.1).   
 
 
Figure 3.1: Two dimensional ordinations of all treatment exposure time combinations 
compared to untreated controls using Jaccard similarity as distance measure. (R2 
= 0.730 (axis 1) and 0.889 (axis 2).  A or B indicates exposure above or below.  
First digit of label indicates treatment (1-ACQ-C 0.25%, 2-ACQ-C 0.37%, 3-
0.1% CTN, 4-0.25% CTN, 5-0.1%CTN+BHT, 6-0.25%CTN+BHT, 7-BHT alone, 
8-controls) and ending digits indicate sampling interval (3,6,9,12, and 15)). 
 
 
 Estimates®:  The results from the Estimates analysis indicated that a majority of 
the communities compared were similar in regards to their species composition.  Only 
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353 of the 3160 pair wise comparisons of all exposure treatment time combinations had 
estimated Chao- Jaccard similarity indices (ECJI) less than 0.7.  The Chao-Jaccard 
similarity index ranges from 0 to 1 and represents the percent similarity of one population 
to another.  A level of 0.70 was used as the threshold for determining similarity among 
populations.  A complete list of all treatments included in dissimilar comparisons (less 
than 0.7) is presented in Table 3.4.  The 0.37% retention of ACQ-C in above ground 
exposure was the most different from the other exposure, treatment, and time 
combinations.  It had an estimated Chao-Jaccard index less than 70% compared to 65 
other exposure treatment time combinations and the mean ECJI was 0.52.   
 
Preservative Retention Data 
 Chlorothalonil 0.1%:  Statistical results indicated that site, exposure, and time 
interact to affect mean chlorothalonil (CTN) concentration.  All site and exposure 
combinations decreased over time.  Dorman above and Saucier below ground both had 
mean CTN concentrations of 0 parts per million (ppm) after 15 months of exposure, 
indicating a decrease in mean CTN concentration of 100%, but were not statistically 
different from either Dorman below ground or Saucier above ground.  The PROC CORR 
results indicated that species richness was negatively correlated with decay ratings (-0.31, 
p=0.0023).  There was also a positive correlation (0.43, p=<.0001) between decay ratings 
and preservative retention.  Bacterial diversity (both Simpson’s and Shannon’s indices) 
were both negatively correlated with preservative retention (-0.35, p=0.0007) and (-0.39, 
p=0.0002).   
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Table 3.4:  Twenty five lowest scoring pair-wise comparisons from 3160 comparisons of 
all combinations of exposure(x) treatment(x) time arranged from lowest to 
highest.  (ACE=Abundance based coverage estimate, CJEID=Chao-Jaccard 
Estimated Index.  Sample names=Treat.retentionExpMonth) 
 
1st 2nd Obs1 Obs2 Shared ACE 1 ACE 2 CJRID CJEID 
CJEID-
dev 
ACQ.37A6 BHTB12 29 87 24 39.189 167.419 0.346 0.385 0.071
ACQ.25B12 BHTB12 33 87 25 48.162 167.419 0.323 0.423 0.096
ACQ.37A6 CTN.1B15 29 112 28 39.189 121.547 0.392 0.447 0.079
ACQ.25A9 ACQ.25B12 97 33 30 119.466 48.162 0.367 0.458 0.088
CTN.1A3 BHTB12 39 87 30 44.27 167.419 0.431 0.462 0.06
ACQ.37A6 CTN.1A15 29 86 26 39.189 106.934 0.436 0.483 0.079
ACQ.25A9 ACQ.37A6 97 29 26 119.466 39.189 0.431 0.484 0.083
ACQ.25A9 CTN.1A3 97 39 34 119.466 44.27 0.457 0.485 0.063
CTN.1A3 CTN.1B15 39 112 37 44.27 121.547 0.474 0.491 0.055
CTN.1A15 BHTA3 47 31 19 74.587 42.341 0.434 0.501 0.091
MIX.25A6 BHTA3 40 31 15 81.481 42.341 0.275 0.505 0.17
ACQ.37A6 CTN.1A9 29 84 26 39.189 124.542 0.433 0.506 0.09
ACQ.37A6 CTN.1A12 29 47 20 39.189 74.587 0.443 0.509 0.09
ACQ.37A3 CTN.1A3 85 39 30 108.241 44.27 0.467 0.514 0.069
ACQ.25A3 ACQ.37A6 118 29 29 153.64 39.189 0.444 0.517 0.088
ACQ.37A6 MIX.1A9 29 94 27 39.189 134.052 0.455 0.517 0.081
ACQ.37A6 MIX.25B15 29 64 24 39.189 85.707 0.468 0.521 0.089
ACQ.37A3 ACQ.25B12 85 33 28 108.241 48.162 0.429 0.524 0.105
ACQ.37A6 CONB9 29 142 29 39.189 152.983 0.452 0.525 0.09
ACQ.25A3 CTN.1A3 118 39 37 153.64 44.27 0.511 0.526 0.054
ACQ.25B12 CTN.1B12 33 65 25 48.162 88.66 0.419 0.528 0.095
ACQ.37A3 ACQ.37A6 85 29 26 108.241 39.189 0.482 0.531 0.083
ACQ.25B12 CTN.1B15 33 112 33 48.162 121.547 0.422 0.539 0.092
CTN.1A3 CTN.1B12 39 65 29 44.27 88.66 0.502 0.54 0.07
ACQ.25A9 MIX.25B6 97 49 40 119.466 58.308 0.475 0.544 0.079
 
 Chlorothalonil 0.25%:  Statistical analysis indicated that site, exposure, and time 
all interact to effect mean preservative retention (p=0.0015).  The lowest retention was in 
the Dorman below ground samples after 15 months exposure (649 ppm) indicating a 
decrease in mean CTN concentration of 73%, but was not statistically different from the 
other 15 month site-exposure combinations.  Results from the PROC CORR analysis did 
not find any correlations between preservative retention and decay ratings, species 
richness, evenness, or diversity.   
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 Chlorothalonil 0.1% + 2.0% BHT:  Statistical analysis indicated that site, 
exposure, and time all interact to effect mean preservative retention (p=<.0001).  The 
below ground treatments at both Dorman Lake and Saucier had mean CTN 
concentrations of 0 ppm, indicating a 100% reduction in mean CTN concentration.  The 
added BHT may have lessened the depletion of the CTN somewhat in the above ground 
exposures, mean depletion values were lower compared to the 0.1% CTN alone mean 
depletion values after 15 months exposure.  Antioxidant depletion was also effected by 
the combined interaction of site, exposure, and time (p=0.0004).  BHT depletion followed 
the same pattern as the CTN, 100% depletion in both below ground exposures; with 
lower percent mean depletion in above ground exposure, but the BHT was still depleted 
by 70%.  PROC CORR analysis of the antioxidant depletion indicated that decay rating is 
positively correlated with antioxidant depletion (0.06, p=<.0001).  Preservative retention 
was also positively correlated with antioxidant concentration (0.22, p=<.0001).   
 Chlorothalonil 0.25% + 2.0% BHT:  Statistical analysis indicated that site, 
exposure, and time interact to affect mean preservative concentration (p=0.0077).  From a 
starting retention of 0.25% CTN, the lowest retention after 15 months exposure was 
Saucier above ground (990 ppm), indicating a 62% decrease in mean CTN concentration.  
Dorman Below ground samples exhibited a loss of only 1% CTN concentration when 
used in combination with BHT, compared to a 73% decrease in mean CTN concentration 
without BHT.  Antioxidant retention was affected by the interaction of site, exposure, and 
time (<.0001).  Saucier below ground after 15 months had the lowest mean retention 
(2745 ppm), but was only significantly different than the Dorman above ground mean 
retention at 15 months (18000 ppm).  The Dorman above ground samples exhibited a loss 
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of only 1% of the total BHT concentration, compared with greater than 70% in the 
remaining 0.25CTN + BHT treatment groups.  Diversity (both Simpson’s and Shannon’s 
diversity) were negatively correlated with preservative retention (-0.35, p=0.001 and -
0.043, p<.0001).  Richness, Simpson’s, and Shannon’s diversity were all negatively 
correlated with antioxidant concentration (-0.32,p=0.0026, -0.40,p=0.0001, and -
0.43,p<.0001).  As with the 0.1% CTN+ BHT, the added BHT did decrease the depletion 
of the CTN compared to the CTN 0.25% without added antioxidant.   
 BHT 2.0%:  Statistical analysis indicated that only time affects antioxidant 
retention.  From a starting retention of 2.0%, BHT rapidly depleted to 1.54% after 3 
months, and continued to deplete in a linear pattern until reaching 0 at 15 months.  At 6 
months, the BHT retention was significantly lower than the starting concentration.  
Overall BHT concentration was reduced by 67% over 15 months and was unaffected by 
site or exposure.  BHT retention was negatively correlated with bacterial richness, 
Simpson’s diversity, and Shannon’s diversity (-0.30,p=0.0052, -0.37, p=0.0004, and -






 The untreated controls exhibited the lowest mean decay rating, followed by the 
0.1% CTN and 2.0% BHT.  All of the other treatments maintained a mean rating of 10 
(no damage) for the duration of the study.  These results indicate that both rates of ACQ-
C were effective against decay and that the high rate of CTN was effective against decay.  
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Also, while some of the 0.1% CTN treatments had visible signs of decay, the addition of 
the 2% BHT may have improved the performance of the 0.1% CTN.  It is acknowledged 
that the short amount of exposure may have influenced these results, but the goal was to 
observe the initial stages of colonization and subsequent decay.  However, the fact that 
untreated controls and non-biocidal treatments had more decay present indicates that 
preservative treatment did affect the micro-organisms invading the field stakes.  Schultz 
et al. (2006) presents a more concise field evaluation of these preservatives over longer 
times where the CTN in combination with BHT was found to reduce both decay and 
termite attack after 54 months of field exposure.  The mechanisms affecting the termites 
and fungi are currently under investigation.   
 
α-Diversity Measures 
 Bacterial richness, evenness, and diversity (Simpson’s and Shannon’s index) were 
all used as measures of α-diversity.  Α-diversity is used to characterize the community 
structure of individual assemblages.  Bacterial species richness was highly correlated 
with both Simpson’s and Shannon’s diversity (0.95, p=<.0001 and 0.94, p=<.0001) and 
followed similar patterns, bacterial evenness did not correlate well with any of the other 
measures or any other variables.  For future study, bacterial evenness will not be used as 
a measure of α-diversity as it does not provide clear information for analysis.  Overall, 
the α-diversity of the bacterial populations in the field study was somewhat cyclic, 
characterized by increases and decreases in bacterial species richness and diversity.  The 
changes in α-diversity were less drastic below ground compared to above ground.  It 
seems likely that below ground conditions are less subject to adverse climatic conditions, 
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such as extreme temperatures and drying conditions.  After 3 months of initial exposure 
to the soil, the highest species richness found was in the above ground exposed ACQ-C 
0.25% at Saucier at 3 months.  This may be explained by several situations.  It has been 
previously reported that disturbed environments often have much higher species richness 
compared to undisturbed environments (Tolijander et al. 2006).  Another explanation 
could be the presence of bacteria that exhibit resistance to ammoniacal quaternary 
compounds, which is the antimicrobial agent in ACQ-C and in many commercially 
available antibacterial hand soaps.  The bacterial richness in the ACQ-C treatments 
fluctuated over the 15 months.  At 3 months, these treatments had the highest richness, 
and after 6 months these treatments were among the treatments with the lowest richness.  
After 9 months exposure the ACQ-C treatments were back to the highest richness and 
remained relatively high for the remainder of the study.  This trend was more pronounced 
in the above ground exposures, but still present in below ground samples.  There was a 
marked decrease in species richness and a complete loss of diversity examined in all 
samples at Dorman Lake at 12 months.  This sampling was taken at the end of a 6 month 
drought at both Saucier and Dorman Lake, but the populations at Dorman Lake were only 
affected by the lack of rainfall.  The diversity at Saucier remained at relatively high levels 
when exposed to similar conditions (Tables 3.2 and 3.3).  After 15 months exposure, the 
highest richness was detected in the CTN 0.1% below ground treatment and the 2.0% 
BHT below ground.  Depletion data indicated that both of these treatment chemicals were 
below detection levels after 15 months, so there is very little preservative remaining to 
protect the stakes.  Also, the depletion of the preservative may have liberated additional 




 Β-diversity is the diversity between groups or populations, used to compare 
communities to determine rates of turnover (changes in species composition) and overall 
differences due to varied environmental conditions.  Jaccard and Sorenson similarity are 
commonly used as measures of β-diversity.  They determine how similar populations are 
to each other, indicating that they either change or stay the same over time.  The first 
procedure used to examine β-diversity was the NMDS ordination which graphically 
displays the orientation of the communities in “species space” based on their 
composition.  Communities that are more similar cluster together, whereas dissimilar 
communities are farther apart.  When comparing all the treatment, exposure, and time 
combinations (due to interaction determined in the α-diversity analysis), untreated 
controls, both above and below ground, clustered together and were separate from all of 
the other combinations.  In general, all of the other treatments were clustered into a huge 
mass at the center of the plot.  Many of the outliers were 12 month samples, which were 
previously discussed as having reduced α-diversity.  The ordination also indicated that 
these treatments are also different from the other treatments in regards to their species 
composition.  Looking at the individual treatments separately compared to untreated 
controls, there is much greater turnover in species composition in treated wood compared 
to untreated.  The treatments are greatly scattered and non-linear where the controls are 
somewhat linear and closely clustered.  These results also suggest that the preservative 
treatment leads to greater turnover and increases diversity by creating a more unsuitable 
environment for colonization, which in turn prevents the population from reaching a 
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stable community structure.  Similar results were found when the fungal community was 
analyzed in a previous study (Kirker et al. 2007).  Preservative treatment caused the 
fungal population to initially be more different from the controls, but over time they 
coalesced to become similar to controls after 15 months exposure.  With the bacterial 
community, the populations are different from one another and change over time, but 
become more similar to the early bacterial populations in untreated samples, and 
meanwhile the untreated populations move away from the early populations so that they 
are dissimilar by a similar measure after 15 months.  In treated wood, the later 
communities appeared to be more similar to the early communities in the untreated 
controls.  Basically, the preservatives alter the successional trajectory of these 
communities and after 15 months they had not coalesced as seen in the fungal 
community.  Over time, the bacterial communities may eventually become more similar 
to untreated, but that was not the case after 15 months.   
 The other measure that was used to measure β-diversity was the modified Chao-
Jaccard estimate in Estimates ®.  This measure accounts for unseen shared species that are 
common in T-RFLP analysis, since terminal restriction fragments (TRF’s) may overlap 
and mask species.  The result is an abundance based coverage estimate (ACE), which is 
an inflated measure of species richness.  The ACE is used for each pair of populations to 
determine how many shared species are found in order to calculate the Chao-Jaccard 
estimate.  The species vector data was input and 3160 pair wise comparisons were made 
to determine the similarity of these 80 exposure(x) treatment(x) time combinations.  
Blank lines were not included in this analysis, since Day 0 contained no informative data 
(no species).  A majority of the samples were highly similar (1.0 to 0.7), and only 11% of 
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the 3160 comparisons were less than 70% similar.  The ACQ-C 0.37% treatment above 
ground at 6 months was the most dissimilar of the all of the treatments, meaning that the 
shared the fewest number of like species than communities associated with other 
treatments, which was different than 65 other treatment, retention, and time combinations 
and had the lowest ACE values of all exposure, treatment, and time combinations.  The 
controls had the highest ACE values, meaning that the untreated controls were most like 
each other, and had fewer shared species with ACQ-C and CTN.  ACQ-C 0.37% above 
ground at 6 months is present in 11 of these 25 comparisons again meaning that the 
within the 0.37% ACQ-C treatments, species composition of bacteria was the most 
different from all other communities.  The results from the Estimates® analysis indicated 
that many of the ACQ treatments were different in regards to their species composition.  
As mentioned earlier, the presence of quaternary ammonium compound resistant bacteria 
could contribute to the unshared species not seen in other treatments, or by the ACQ-C 
opening a niche not occupied by these shared species.  There were also simply fewer 
species compared to the non-biocidal and controls that may account for the low numbers 
of shared species.  Overall, there was a high degree of similarity between bacterial 
populations in all exposure treatment and time combinations.  The majority of 
combinations that were not similar were from early sampling periods and in high 
preservative retentions indicating that in the preservative treatments communities do 
eventually become more similar in comparison to the rest of the communities.  





 The 0.1% CTN had the greatest depletion compared to all other treatments.  The 
addition of BHT reduced depletion in the above ground exposed field stakes.  It was also 
determined that depletion of CTN 0.1% was negatively correlated with diversity indices 
(-0.35 and -0.39), so that lower retentions (higher percent depletion) resulted in higher 
diversity.  Depletion was higher in the below ground contact than above ground contact.  
Prior to evaluation as a wood preservative, CTN was used extensively in agriculture and 
there are numerous instances where it has been readily broken down in the soil (Van 
Eden et al. 2000).  It has also been shown that repeated applications of CTN can lead to 
accumulation of a by product of CTN degradation, 4-hydroxy-2,5,6-
trichloroisophthalonitrile (TPN-OH), which is toxic to indigenous soil microbes 
(Motonaga et al. 1998).  Molecular analysis using Denaturing Gradient Gel 
Electrophoresis (DGGE) indicated that applications of Chlorothalonil to the soil resulted 
in both inhibition and enhancement of selected indigenous bacteria (Sigler et al. 2000).   
ACQ-C retention data is not presented at this time, but we intend to append this 
data as soon as possible in order to compare the depletion of ACQ-C and CTN.  This will 
also enable us to determine statistical correlations of ACQ-C exposure and its effects on 
the community structure during the first 9 months.  BHT was found to break down 
readily in the soil in all exposures and sites even though its application did decrease the 
depletion of the biocides; it was only persistent for 12 months before it was completely 
degraded.  At 15 months there was no BHT detected in the field stakes.  When paired 
with CTN at both low and high doses, the CTN depletion was not as great, but BHT was 
still reduced by as much as 90%.   
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CONCLUSIONS 
• Untreated controls exhibited less variation in bacterial species composition than 
treated samples.  
• The majority of bacterial communities compared were similar in their species 
composition.  The ACQ-C 0.37% was clearly the most different of the treatments 
compared to all other treatments and untreated controls.  
• Both high and low retentions of ACQ-C had more bacterial species and higher rates 
of turnover than untreated controls.  These communities consisted of largely different 
bacterial species from controls and did not reach a stable community by 15 months.  
• Bacterial richness was negatively correlated with decay ratings, meaning that as 
decay ratings decrease, bacterial richness would increase; it was not determined 
whether the increasing richness caused more extensive decay or whether the 
extensive decay opened the wood up for further colonization.  
• Less decay was observed when either CTN or CTN was used in combination with 
BHT than untreated.  The presence of BHT also decreased loss of CTN due to 
preservative depletion.   
• When BHT was used alone, a significant increase in number of bacterial species and 
diversity was noted.  Also BHT used alone did decrease the amount of decay after 15 
months exposure suggesting that it had some preservative effect even though it has no 
active biocide component.   
Additional studies will be required to focus on the bacteria present in samples 
with high rates of CTN depletion to identify possible species linked to biocide depletion.  
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Future research will also begin to focus on common species found in this study and shift 
our focus to identification and function of species.   
It is acknowledged that the preservative treatments used in this study are lower 
than recommended rates for these preservatives.  This was in order to shorten the time 
needed for decay to develop into a timeframe suitable for this dissertation component.  
Additional research will be needed to examine what effects bacteria have on treated 
stakes when subjected to longer periods of time.  In order to simulate this scenario, a 
similar test to the field stake test was conducted using the accelerated decay test 
(Nicholas et al. 2002), which optimizes conditions conducive to decay in order to 
determine the efficacy of these preservatives when subjected to intense decay pressure 
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MICROBIAL ECOLOGY OF PRESERVATIVE TREATED AND UNTREATED 
SOUTHERN YELLOW PINE (PINUS TAEDA)  
IN A SOIL CONTACT ACCELERATED  
DECAY TEST SYSTEM 
 
INTRODUCTION 
 Wood is a complex biopolymer suited for a wide variety of structural situations.  
Wood is highly valued as a construction material due to its excellent dimensional 
properties (stiffness, bending strength, tensional and torsion strength, etc).  Since wood is 
a natural polymer, it is subject to decay by micro-organisms that can break down its 
structural components.  Wood preservatives are routinely used to impregnate or surface 
coat lumber that is intended for soil contact or exterior exposure in order to decrease 
damage due to colonization and attack by soil fungi, bacteria, and insects and extend the 
service life of the finished product.  Temperature, pH, available moisture, and nutrient 
availability are all major contributing factors to decomposition and vary greatly from one 
climate to another.  Complete degradation of woody biomass in soil contact ranges from 
1 to 5 years, depending on latitude and climatic conditions (Moorhead and Reynolds 
1992).  Observed rates of degradation are greatest in tropical and equatorial climates and 
decrease as distance from the equator increases.  Variable climates were the premise for 
the development of the hazard and use class systems widely used to evaluate performance 
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of wood preservatives.  Prior to registration as preservatives, protective compounds are 
required to undergo extensive testing often exceeding five years in field trials to ensure 
their efficacy.  Methods for accelerating decay have been developed in attempts to 
shorten the amount of time required to properly evaluate wood preservatives (Van Acker 
et al. 1999, Nicholas and Crawford 2003).   
Accelerated test methods provide conditions that increase the presence and 
metabolic activities of micro-organisms that decay wood, such as elevated moisture, pH, 
temperature, and nutrient availability (Nicholas and Crawford 2003).  Added composted 
organic matter serves as an inoculum source for decay micro-organisms, including wood 
decay basidiomycetes, soft rot fungi, and tunneling bacteria, and lessens the amount of 
time required for organisms to establish and begin colonizing the wood (Daniel et al. 
1987, Edlund and Nilsson 1999, and Nicholas et al. 2004).  In addition to serving as an 
inoculum source, composted soil also increases the available nutrients and provides a 
more stable environment for decay microorganisms to thrive.  While accelerated decay 
tests are not currently used as a stand alone measure of preservative performance, the 
results from these tests can be used to make service predictions prior to field testing and 
also to compare new preservative systems to older established preservative formulations 
(Li et al. 2007).  While these methods are becoming increasingly popular for screening of 
new wood preservatives, very little is known about the actual successional patterns of 
micro-organisms that contribute to these accelerated rates of decay or if these patterns 
mimic what occurs in nature.  This study evaluates changes in the populations of bacteria 
and fungi that colonize preservative treated wood over time leading to eventual decay 
and/or preservative depletion in an accelerated test situation.   
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MATERIALS AND METHODS 
 
Accelerated Decay Procedures 
Experimental Design:  This study involves the use of the accelerated fungal cellar 
decay test method of Nicholas et al. (2004). The experimental design is a split plot 
design.  Test sticks were cut from defect free sapwood of southern yellow pine (Pinus 
taeda) lumber to 4 x 14 x 150mm (t x r x l). Sticks were visually divided into three 
density groups and one sample from each of these density groups were used for each 
treatment level to provide a uniform sample base.  Two sets containing thirty nine sticks 
were treated using the full cell method (29in Hg vacuum for 30 min followed by 150 psi 
pressure for 1 hr.) with each of the formulations given in Table 4.1.    
Decay Test Chambers:  The cellar decay test chambers were comprised of square 
plastic freezer boxes measuring 80 mm wide and 60 mm deep.  Each box had three 
longitudinal slits, spaced 18mm from the bottom and 20mm apart, cut into opposite sides 
of the containers to accommodate the sticks.  The sticks were centered in the boxes so 
that they extended 35 mm beyond the sides.  A tubing assembly was added to each box 
with an open top end leading to a perforated loop at the bottom of the box.  This 
apparatus was used to add moisture into the soil.   
The soils used in this test were collected from Dorman Lake and Saucier test sites; 
both test sites in Mississippi with a long history of use by both Mississippi State 
University and the USDA Forest Service for field testing of wood preservatives.  Sites 
have a similar soil profile; Saucier is a sandy clay and Dorman Lake is a sandy clay, but 
with a slightly more pronounced organic layer.  Half of the boxes were filled 
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Table 4.1:  List of treatments of CTN and BHT used in accelerated decay test.  
CTN=chlorothalonil, BHT=butylated hydroxytoluene.  Samples were pressure 
treated at 125 p.s.i. and allowed to fix prior to soil exposure.  
 
Treatment Soil Solvent Time No. of stakes 
CTN 0.1% A* Water 1--12 36 
CTN 0.1% B** Water 1--12 36 
CTN 0.25% A Water 1--12 36 
CTN 0.25% B Water 1--12 36 
CTN 0.1%+2%BHT A Water 1--12 36 
CTN 0.1%+2%BHT B Water 1--12 36 
CTN 
0.25%+2%BHT A Water 1--12 36 
CTN 
0.25%+2%BHT B Water 1--12 36 
2% BHT A Water 1--12 36 
2% BHT B Water 1--12 36 
Untreated controls A Water 1--12 36 
Untreated controls B Water 1--12 36 
   Total Stakes 432 
*Soil A is a 50/50 mix of soil from Dorman Lake and Saucier test sites. 
**Soil B is a 50/50 mix of soil from Dorman Lake and Saucier test sites 
amended with composted wood and quail manure mixture.   
 
with 380g of a 1:1 mixture of soil from both Dorman Lake and Saucier test sites, and the 
other half was filled with 355g of the previously mentioned soil mix amended with 30% 
compost.  The compost was prepared by mixing hardwood sawdust with quail manure 
and maintained at 55% moisture content while composting outdoors in a plastic garbage 
can until the volume was reduced to approximately 50% of the original volume.  The lids 
were closed tightly before placing the decay chambers into an incubator at 28º C.  A 
schematic diagram of the cellar decay apparatus is shown in Figure 4.1.  The individual 
boxes were removed weekly, weighed, and additional water was added to maintain 
uniform moisture content for the two soils.  Moisture content (MC) and water holding 
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capacity (WHC) were used in order to calculate the appropriate amounts of water to be 
added to each box.   
 
 
Figure 4.1: Schematic diagram of accelerated decay test apparatus (Adapted from Li et al. 
2007) showing dimensional specifications and placement of watering apparatus.    
 
Small sticks for monitoring moisture levels were inserted into each box to ensure 
that the wood moisture remained in the 40-80% range.  These samples were untreated 
sticks (3 x 19 x 19 mm (txrxl)) that were wrapped in a nylon stocking and placed at the 
same depth as the test samples.   
A static bending test was used to determine the initial modulus of elasticity 
(MOE) for each stake.  MOE is calculated from the amount of applied force needed to 
bend a test sample to a 2mm deflection from its resting state (Li et al. 2007).  Loss of 
MOE is used as a qualitative measure of decay for test sticks in the accelerated decay 
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test.  The bending test was performed after the test sticks became equilibrated in the test 
decay chambers to a MC above the fiber saturation point in order to obtain initial MOE 
data.   
Sampling Schedule:  The accelerated decay test chambers were incubated for 12 
months and sampled at one month intervals.  The accelerated decay test had six retentions 
in two different soil types, resulting in a total of twelve treatments.  Each month, one box 
(containing three sticks) per treatment was removed to provide thirty-six samples per 
sampling period.  Soil samples were also taken randomly in order to screen the soil for 
the presence of fungi and bacteria.   
After measuring the MOE as described above, each stick was cut into sections to 
separate the soil contact section and the air contact section of the stick.  Each section of 
the stick was weighed to provide the initial weight to be used in the calculation of wood 
moisture content for the air and soil contact sections.  The soil contact section was drilled 
to obtain sawdust for extraction of microbial genomic DNA for use in T-RFLP analysis. 
Afterwards, the individual sections were oven dried for 24 hours to obtain an oven dried 
weight.  The individual portion in soil contact was ground in a Wiley mill in preparation 
for chemical extraction procedures to quantify preservative retention for wood in contact 
with the soil using Gas Chromatography.  The quantitative data obtained by these 
analyses was evaluated to determine any decrease in the retentions of the preservative as 
a consequence of biological degradation or leaching of the preservatives in contact with 
the soil.  These results were correlated with the microbial community data to identify 




DNA Extraction (Physical Preparation):  Prior to processing, stakes were kept at 
room temperature and not subjected to excess air drying.  One hundred fifty milligram 
samples of sawdust were removed from each stake by manual extraction using a flame 
sterilized wood rasp.  Collected sawdust was placed into a 2 ml cryo-collection tube and 
placed into a -80ºF freezer until ready to be extracted for microbial genomic DNA.   
For physical disruption of the wood fibers, a 50 mg sample of sawdust was placed 
into a 2 ml cryotube. 1000 µl of a CTAB lysis buffer (2% cis-trimethyl ammonium boric 
acid, 100mM Tris, 20mM Na2EDTA, 1.4M NaCl, and 1% polyvinylpyrolidine) was 
added to each sample, along with two 5 mm glass beads.  The sample was placed on a 
bead mill for three minutes at maximum speed.  The resulting mixture was extracted for 
genomic DNA using a Machery Nagel Nucleospin Plant DNA extraction Kit (Machery-
Nagel, Easton, PA, USA). 
DNA Extraction (Chemical Extraction Procedures):  A 10uL aliquot of RNase A 
was added to each homogenized sawdust sample and incubated for 2 hours at 65ºC for 
cell lysis, mixing every 15-20 minutes by inverting the tube.  The mixture was transferred 
to a Nucleospin® spin column and centrifuged for 5 minutes at 11,000 x g to filter the 
lysate.  The flow through was transferred to clean centrifuge and mixed with 850uL of 
binding buffer.  The mixture was passed through a second spin column with a silica 
membrane for 1 minute at 11,000 x g, binding the genomic DNA.  The silica membrane 
was washed to remove possible contaminants, and dried by centrifugation at 13,000 x g 
for 2 minutes.  The DNA was eluted from the silica membrane by adding 50uL of 65°C 
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elution buffer, incubated at room temperature for 5 minutes, and centrifuged at 8,000 x g 
for 1 minute to collect the eluted DNA (Machery-Nagel 2006). 
Polymerase Chain Reaction (PCR):  To amplify the DNA region of interest, 
extracted bacterial DNA was amplified for T-RFLP analysis using a D4 labeled general 
bacteria 16S F and 16S R primer pair (Edwards et al. 1989).  The size of the target region 
(16S rDNA gene) to be amplified is approximately 1.5 kilo base pairs.  Bacterial DNA 
amplification was carried out using an Eppendorff Master-cycler© using the following 
settings: an initial hot start at 94ºC for 4 minutes (diluted template DNA only), melting at 
94ºC for 45 seconds, annealing at 57ºC for 1 minute, and extension at 68ºC for 2 minutes, 
and final extension at 68ºC for 7 minutes for a duration of 40 cycles.  The master mix 
containing 60mM reaction buffer, 90mM MgCl, 48mM deoxynucleotide triphosphates 
(dNTPs), Bovine Serum Albumin (BSA) (12 μg per reaction), ddH20, and Taq DNA 
polymerase (1.5units per reaction) was added after a 3 minute hot start while the samples 
remained on a bench top cooler at in order to halt all enzymatic activity.   
Extracted fungal DNA was amplified for T-RFLP analysis using a general fungi 
ITS 1F primer (5’-CTT GGT CAT TTA GAG GAA GTA A), which is specific for higher 
fungi (White et al. 1990), and ITS4 (5’-TCC TCC GCT TAT TGA TAT GC), as a 
universal reverse ITS primer (Gardes et al. 1993).  The primer pair ITS 1F and ITS 4-B 
(5’-CAG GAG ACT TGT ACA CGG TCC AG), specific for basidiomycetes (Gardes and 
Bruin 1993), were used for selective amplification of basidiomycetes.  The size of the 
target region (ITS 1) to be amplified is approximately 680 base pairs.  Fungal DNA 
amplification was carried out using an Eppendorff Master-cycler© using the following hot 
start settings: an initial hot start at 94ºC for 4 minutes (diluted template DNA only), 
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melting at 95ºC for 35 seconds, annealing at 55ºC for 55 seconds, and extension at 72ºC 
for 1 minute, and final extension at 72ºC for 10 minutes for a duration of 39 cycles.  The 
master mix containing 50mM buffer, 200mM MgCl, 30mM deoxynucleotide 
triphosphates (dNTPs), 20mM each forward and reverse primers, Bovine Serum Albumin 
(BSA) (2 mg per reaction), ddH20, and Taq DNA polymerase (2.5units per reaction) was 
added after a four minute hot start.   
 A 13 μl sample of the amplified DNA along with 2 µl of 6X loading dye (15% 
Ficoll® 400, 0.03% bromophenol blue, 0.03% xylene cyanol FF, 0.4% orange G, 10mM 
Tris-HCl (pH 7.5) and 50mM EDTA) was loaded into a 2.0% agarose electrophoresis gel 
to ensure that proper amplification of the target region is achieved.  Fragment sizing was 
confirmed using a 100 base pair ladder to ensure amplified DNA was in the target range. 
The remaining samples were digested using restriction enzymes to cut the amplified 
DNA into uniform fragments.  The amplified bacterial DNA was cut using Msp 1 for 3 
hours at 37°C in preparation for fragment analysis while amplified fungal and 
basidiomycete DNA were cut using Taq I for 3 hours at 65°C.  Restriction digests were 
verified on 4% high-resolution electrophoresis gels.  All double stranded products were 
stained on agarose gels using 0.1% ethidium bromide and visualized on a UV light box.  
Digested samples were filtered using a PCR clean-up kit following manufacturer’s 
specifications (Machery-Nagel 2007) to remove residual PCR and restriction digest 
reagents. 
Fragment Analysis:  Up to 5μL of the digested sample was loaded into a sample 
loading solution (SLS) containing 0.5μL of size standard 600 (Beckman Coulter 
Fullerton, CA) in a 96 well plate and overlaid with sterile mineral oil.  Plates were 
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submitted to The Life Science Biotechnology Institute (LSBI) at Mississippi State for 
analysis.  Fragments were analyzed on a Beckman Coulter CEQ 8000 DNA Analysis 
system (Beckman Coulter, Fullerton, CA).  Individual community fingerprints, resulting 
from an array of peaks corresponding to unique fragment sizes, were generated for each 
sample that was successfully amplified from the initial PCR amplification.  Samples that 
failed to amplify were not considered for fragment analysis since bacterial or fungal 
DNA was at levels below our detection threshold, which we had previously established at 
approximately 2ng/μL total genomic DNA.  The resulting fragment data was manually 
screened to remove artifacts and low quality data.  After the fragment data was screened 
and corrected, the resulting T-RFLP data was combined using the Bin function in the 
CEQ fragment analysis software. Binning is a process that creates a data matrix of 
individual bacterial species as indicated by a unique size fragment referenced to the 
individual samples where they originated (Beckman Coulter 2004).  This data matrix is a 
binary representation of presence absence data for the entire data set and was exported as 
comma separated value file (.csv) and formatted for further analysis using additional 
ecological interpretation software.   
Preservative Retention Analysis:  A 1 gram sample of milled sawdust for each 
sample was retained for preservative analysis using gas chromatography.  The milled 
sawdust was extracted by adding 8ml of toluene and placed in a Model 2200 sonicator 
(Branson Manufacturing, Danbury, CT) for 24 hours.  The toluene solution was 
transferred into crimp top vials and loaded into an Agilent 7683 automatic sample 
injector (Agilent Technologies, Inc., Santa Clara, CA).  Chlorothalonil and BHT were 
determined using an Agilent 6890 gas chromatograph (Agilent Technologies, Inc., Santa 
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Clara, CA) with flame ionized detection (FID) and an ultra 2 column, 25 m by 0.2 mm 
internal diameter with film coating 0.33.  The oven was initially set at 110oC and held for 
2 minutes, ramped at 6oC per minute to 210oC, held for 0.5 minutes, ramped 15oC/min to 
290oC and held for 7.0 minutes. The injector temperature was 250oC and the detector 
temperature was 300oC.  Hydrogen and nitrogen was used as the carrier gas and makeup 
gas respectively.  A 5 point external calibration curve consisting of 10, 20, 40, 60, 80 100 
ppm BHT and 50, 100, 150, 200, 250 and 500 ppm chlorothalonil was used to generate a 
regression line for concentration determination.  Resulting data was used to determine 
percent depletion of preservatives in each sample.   
 
Statistical Analysis Methods 
MOE Data:  Results from the static bending test were analyzed using PROC 
GLM in SAS v9.2.  Treatment, soil type, and time were used as experimental variables.  
The effects of treatment, soil type, time, and all possible interactions of these effects were 
analyzed using an alpha value of 0.01 to determine statistical significance.  In the event 
of interacting effects, pair wise comparisons of lsmeans will be used to evaluate factorial 
combinations of interacting effects. 
Fragment Analysis Data:  Fragment analysis data were analyzed using PROC 
GLM in SAS v9.2.  Treatment, soil type (uncomposted or composted), and time were 
used as experimental variables. Species descriptors (species richness and diversity 
measures) that were generated using PC-ORD v5.0 (Gleneden Beach, OR) were used as 
the response variables.  The effects of site, exposure, treatment, time, and all possible 
interactions on species descriptors were analyzed using an alpha of 0.01 to determine 
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statistical significance.  In the event of interaction, pair wise comparisons of least squared 
means (Lsmeans) of interacting effects were made in order to determine the effects on 
mean species richness and diversity of treated field stakes.  
Microbial Community Analysis:  Individual T-RFLP fingerprints for each sample 
were exported into PC-ORD in order to generate measures of species richness and 
diversity (both Simpson’s and Shannon’s diversity measures) based on the composition 
of the individual T-RFLP vector data.  Richness is the simplest of these measures; it is 
the total number of species detected in a sample.  Simpson’s index is a simple measure of 
alpha diversity, it takes into account the proportion of individual species in the sample 
and their contribution to total number of species in the sample and is calculated as 
D=1/sΣi=1Pi2, where P is the total number of species.  Shannon’s index is another 
commonly used measure of diversity.  The advantage of Shannon’s diversity measure is 
that it takes into account species evenness as well as species richness.  It is calculated as 
H=-sΣi=1pilnPi  (Begon, Harper, and Townsend 1990).  Sample data generated in PC-ORD 
was exported and appended to the original data set for further statistical analysis using 
PROC GLM in SAS v9.2.  Due to the presence of interacting effects, pair wise 
comparisons of all treatment, soil, and time combinations were made to obtain least 
standard mean values of modulus of bacterial, fungal, and basidiomycete community 
data.  Due to the presence of highly variable data over sampling periods, point data from 
the least standard means were transformed into trend lines representing the overall trends 
in species richness, Simpson’s diversity, and Shannon’s diversity and were used to 
compare all treatment by soil combinations over time to untreated controls.   
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PC-ORD was also used to display graphical differences between bacterial 
communities.  Non-metric multidimensional scaling (NMDS) is an iterative search 
algorithm that searches for the optimal orientation of n species on k dimensions that 
minimizes stress of the k-dimensional configuration.  The output is a graphical 
representation of individual samples and their orientation in “species space” based on 
their species composition.  NMDS makes it possible to observe changes in community 
data based on changes in their overall similarity over time and in response to different 
external variables.  Jaccard’s measure was used as the distance measure in all of the 
analyses and ordinations were performed using the default “quick and dirty” search 
method (McCune and Grace 2002).  Outputs were used to visually compare differences 
between microbial communities according to the appropriate classification variables (site, 
location, treatment, time).   
Community data was also analyzed using EstimateS® (Storrs, CT) to compare 
beta diversity between communities.  Presence absence data was summed across 
treatment time combinations and EstimateS was used to calculate indices of similarity 
based on Chao’s abundance adjusted Jaccard distance model to obtain Chao Jaccard 
Abundance-based estimates (CJAE) for all pair wise comparisons.  This model takes into 
account the occurrence of rare species and the probability of not detecting them in 
sampling.  It is frequently used in data sets that have unseen species in samples in order 
to create abundance based estimates of species diversity (Chao, et al. 2005). EstimateS® 
also creates a similar abundance based coverage estimate (ACE) that is an indication of 
species richness based on the probability of unseen and rare species.  These estimates 
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also include a calculated standard error and 95% confidence interval so that they can be 
used to make direct comparisons without any additional statistical inference.   
Preservative Retention Data:  Preservative retention data was initially analyzed 
using PROC GLM in SAS v9.2 to determine if the effects of site, exposure, and time or 
any combination effect preservative concentration.  Preservative retention data was also 
analyzed using PROC CORR in SASv9.2.  Percent depletion of preservatives for each 
individual sample was used as the response variable and analyzed using PROC CORR to 
evaluate correlations between preservative depletion, species richness, diversity, and 
decay ratings.  Pearson’s correlation coefficient was used to determine the correlation of 
the individual variables and an alpha of 0.01 was used to accept or reject the null 
hypothesis.   
Total Microbial Community Analysis:  The community data from the bacterial, 
fungal, and basidiomycete community analysis were combined and analyzed using PROC 
CORR in SAS v9.2 in order to determine what effects these variables have on MOE 
values.  Pearson’s coefficient was used as the measure of correlation.  An alpha of 0.01 
was used to accept or reject the null hypothesis of no correlation using Pearson’s 
correlation coefficient as the measure of correlation.  The goal of this analysis is to gain 
some measure of the relative contributions of microbial richness or diversity to 






 Due to the large size of the MOE values, log values were used as the response 
variables for statistical analysis.  Statistical analysis indicated that mean MOE is affected 
by the interaction of treatment, soil, and time (p=0.0001).  Due to the presence of this 
interaction, pair wise comparisons were made of least squared means of all soil treatment 
(x) time (x) factorial combinations.  Due to variability within the data, linear trend lines 
were calculated and used to compare chemical treatments to untreated controls in both 
non-composted and composted soil.  R-squared values are given after each result in order 
to verify how well the data fit around the corresponding trend lines.  High r-squared 
values indicate a good fit, with data points falling near the plotted trend line, while low r-
squared values indicate a poor fit, with data points scattered in regards to the trend lines.  
In non-composted soil, when CTN was used alone the lowest rate of decrease in 
MOE values was found in the 0.1% retention (R2=0.9412), followed by the 0.25% 
retention (R2=0.7965), and untreated controls had the greatest decrease in mean MOE 
(R2=0.7965) meaning that the lowest rate of CTN was most effective at preventing loss of 
strength due to decay.  When CTN was used in combination with BHT, the highest 
retention (0.25%) was most effective, although highly variable (R2=-0.0741), at 
preventing loss of MOE due to decay, followed by the 0.1% retention (R2=0.8957), and 
the controls had the greatest rate of decrease in mean MOE (R2=0.8574) due to decay 
(Figure 4.2A). BHT when used alone did decrease the rate of strength loss due to decay 
(R2=0.702) compared to untreated controls (R2=0.8574). Overall, in non-composted soil, 
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all treatments resulted in lower rates of decreasing mean MOE due to decay compared to 
untreated controls.   
In the composted soil mixture, similar decreases in MOE were found in the 0.1% 
CTN (R2=0.1613) and 0.25% CTN (R2=0.6259).  Both treatments had slightly lower rates 
of decreasing MOE due to decay compared to controls (R2=0.38).  The change in slope of 
treatments compared to untreated controls was not as great as was seen in the non-
composted soil indicating that the added compost made conditions more conducive to 
decay and caused the preservatives to be less effective in preventing loss of MOE due to 
decay.  Similar results were found when CTN was used in combination with BHT, 0.1% 
CTN had the least decrease in MOE due to decay (R2=0.402), followed by 0.25% 
(R2=0.7833), while controls exhibited the greatest loss of mean MOE due to decay 
(R2=0.38) (Figure 2B). When BHT was used alone, there were lower rates of decrease of 
mean MOE (R2=0.2934) compared to untreated controls (R2=0.38) (Figure 4.2B). 
Overall, the preservatives seemed to be less effective in decreasing loss of MOE due to 
decay in composted soil.  Additionally, much higher variability in mean MOE values, as 
reflected in the r-squared values, was found in the composted soil.   
 
Bacterial Fragment Data 
The T-RFLP analysis detected 7114 individual bacterial fragments, representing 
191 species.  3005 individuals were detected in the non-composted soil and 4109 
individuals were detected in the composted soil.  The T-RFLP profile was exported into 
PC-ORD v5.0 to calculate richness and diversity values for each sample.  The resulting 



















































Figure 4.2:  Graphs of trends in decreasing logMOE values for (A) uncomposted soils 
compared to (B) composted soils for CTN+BHT treatments compared to 
untreated controls.  Added composted resulted in proportional trends of 
decreasing logMOE values, whereas uncomposted soil had lower rates of 
decreasing logMOE values for both low and high rates of CTN with added BHT. 
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 Statistical analysis indicated that richness, Simpson’s diversity, and Shannon’s 
diversity are all affected by the combined interaction of soil, treatment, and time.  Pair 
wise comparisons of all factorial combinations of soil, treatment, and time were made 
and transformed into trend lines in order to compare treatments to untreated controls for 
both composted and uncomposted soil.   
In uncomposted soil, the highest rate (0.25%) of CTN led to the highest rate of 
increase of mean bacterial richness (R2=0.7201), mean Simpson’s (R2=0.8898), and mean 
Shannon’s diversity (R2=0.4216) measures.  However the controls had higher rates of 
increase of mean richness (R2=0.333) and mean Simpson’s (R2=0.2581) diversity than 
the 0.1% CTN (R2rich=0.4308, R2simp=0.1953).  The 0.1% CTN had rates of increasing 
Shannon’s diversity (R2=-0.061) slightly greater than, or proportional to, untreated 
controls (R2=0.1346).  With BHT added, CTN at both concentrations (0.1% (R2=0.6518) 
and 0.25% (R2=0.3838)), had equal rates of increasing species richness compared to 
untreated controls (R2=0.333).  Both CTN treatments did have higher increases in 
Simpson’s and Shannon’s diversity compared to untreated controls.  The highest rate of 
CTN (0.25%) +BHT had the greatest increase in Simpson’s diversity (R2=0.1417), 
followed by 0.1% CTN+BHT (R2=0.6842), while controls had the lowest increase in 
mean Simpson’s diversity (R2=0.2581).  A similar pattern was noted in Shannon’s 
diversity; the 0.25%CTN+BHT had the highest trend of increase in mean Shannon’s 
diversity (R2=-0.536), followed by 0.1%CTN+BHT (R2=0.3456), and controls had the 
lowest increase in mean Shannon’s diversity (R2=0.1346).  When BHT is used alone, the 
result was less of an increase in mean species richness (R2=0.4798) compared to 
untreated controls (R2=0.333).  However, a greater increase was noted with BHT in 
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regards to Simpson’s (R2=0.3163) and Shannon’s (R2=-0.1315) diversity compared to 
untreated controls (R2=0.2581 and R2=0.1346, respectively).  Overall, in the 
uncomposted soil, preservative treatment tended to increase species richness and 
diversity values compared to untreated controls.   
In composted soil, the lower rate (0.1%) of CTN led to the highest rates of 
increase of bacterial species richness (R2=0.6708), followed by the 0.25% CTN 
(R2=0.5195), and controls had the least (R2=0.5693) (Figure 3B).  However the 
differences in trends in mean Simpson’s diversity values between treatments (0.1% CTN 
(R2=0.5939) and 0.25% CTN (R2=0.1328)) and controls (R2=0.5473) were very slight, 
meaning that the preservatives did not lead to higher rates of increasing diversity.  The 
higher rate (0.25%) of CTN led to higher rates of increase in mean Shannon’s diversity 
values (R2=-0.8318), but only slightly, than untreated controls (R2=-0.1393), and the 
lower concentration (0.1%) of CTN had the lowest rate of increase in mean Shannon’s 
diversity (R2=0.2293).  In the CTN treatments with BHT added, the lowest concentration 
of CTN had the highest rate of increase in species richness (R2=0.7263), Simpson’s 
diversity (R2=0.6825), and Shannon’s diversity (R2=0.2568).  Untreated controls had the 
second highest rate of increase in mean species richness (R2=0.5693), Simpson’s 
diversity (R2= 0.5473), and Shannon’s diversity (R2=-0.1393), while the high retention of 
CTN (0.25%) with 2% BHT added had the least increase in mean species richness 
(R2=0.5618), Simpson’s diversity (R2=0.5126), and Shannon’s diversity (R2=0.1423). 
When BHT was used alone in composted soil, the result was lower rates of increase in 
mean species richness (R2=0.2234), Simpson’s diversity (R2=0.1109), and Shannon’s 
diversity (R2=-0.1388) compared to untreated controls (R2=0.5693, 0.5473, and -0.1393, 
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respectively) meaning that the BHT treated samples had lower average species richness 
and diversity than untreated controls.  Overall, in the composted soil, there were similar 
rates of increasing richness and diversity between treated and untreated samples than was 
observed in the uncomposted soil indicating that preservative treatment had less effect on 
bacterial colonization compared to the uncomposted soil.  Differences in increasing 
species richness are depicted in Figure 4.3, which compares the rates of increasing 
bacterial species richness of CTN treatments for (A) uncomposted soil compared to (B) 
composted soil. 
 
Bacterial Community Data 
PC-ORD:  For the PC-ORD analysis all treatment time combinations were 
summed in order to create vector data.  These data were analyzed using NMDS using 
Jaccard as the measure of similarity in order to create plots of treatment x time 
combinations for both uncomposted and composted soil.  The 0.1% CTN treatments were 
slightly more clustered than untreated controls, which were randomly distributed across 
the plot and the 0.1% CTN treatments also followed a gradient according to time, with 
early profiles located in the left hand side of the plot and progressing to the right over 
time (R2=0.643) with original communities being highly different from the communities 
at 11 and 12 months.  The 0.25% CTN treatments exhibited more clustering than the 
0.1% CTN treatments (Figure 4.4B).  The ordination of samples also followed a time 
gradient (R2=0.542) with early samples on the left and progressing to the right over time, 
resulting in communities at 11 and 12 months that were highly divergence from the 1st 
























































Figure 4.3:  Graphs of trends in mean bacterial species richness for CTN treatments 
compared to untreated controls in accelerated decay test comparing uncomposted 
soil (A) to composted soil (B).   
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the aforementioned treatments, especially between 3 and 10 months.  The 1st month 
profiles were highly divergent from the 11 and 12 month profiles and followed a similar 
time gradient as mentioned previously in the CTN treatments (R2=0.686).  The 0.25% 
CTN with 2% BHT had clustering of treatments for the first 10 months, then the 11 and 
12 month treatments were very divergent from the clustered profiles.  The ordination also 
follows a time gradient, same as in above treatments (R2=0.640).  The 2% BHT 
treatments were more similar to the controls; treatment x time x soil combinations were 
evenly distributed and did not exhibit clustering, but did advance from left to right 
following a time gradient (R2=0.483).  Ordination graphs depicting clustered treatments, 
as seen in the 0.25% CTN treatments are presented in Figure 4.4B, while the evenly 
distributed controls are presented in Figure 4.4A.  Overall, the ordination of points 
representing treatment-soil-time combinations were more clustered in biocide treatments, 
while non-biocidal (BHT and untreated controls) has more evenly distributed points, 
suggesting that the bacterial populations exhibit greater turnover in bursts in biocide 
treated wood, where the progression is more gradual and evenly spaced in untreated 
wood.  The presence of the time gradient was observed in all treatments (CTN, 
CTN+BHT, and BHT alone) suggesting that the presence of these compounds may have 
some influence on the successional trajectory of bacteria, particularly in the early stages 








Figure 4.4:  Ordination Graphs of bacterial community data comparing (A) untreated 
controls to (B) 0.25% CTN.  Notice changes in species turnover and successional 
trajectory in treated compared to untreated. (Sample numbers Treat (1-6), 
Exposure (a-uncomposted or b-compost), and time (1-12).) 
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 Estimates®:  A total of 8,995 pair wise comparisons were made using Estimates®, 
7,020 of these comparisons had abundance based Chao-Jaccard Abundance-based 
estimates (CJAE) of 0.7 or less, meaning that they were less than 70% similar to other 
samples based on their community composition.  Among those less than 70% similar, the 
occurrence is randomly distributed and not isolated to within or between treatments.  
There was some effect due to time, meaning that early communities are mostly different 
from later communities.  There was no noticeable difference between uncomposted and 
composted soils.  Treatments were different from untreated controls; there was also less 
difference between samples within controls for both composted and uncomposted soils.   
 
General Fungal Fragment Data  
Statistical Analysis:  The T-RFLP analysis detected 2006 individual non-specific 
fungal fragments, representing 99 individual species.  A total of 1070 individuals were 
detected in the non-composted soil and 936 individuals were detected in the composted 
soil.  The T-RFLP profile was exported into PC-ORD v5.0 to calculate richness and 
diversity values for each sample.  The resulting data was analyzed using SAS v9.2.   
Statistical analysis indicated that richness is affected by the combined interaction 
of soil, treatment, and time (P=0.001).  Pair wise comparisons of all factorial 
combinations of soil, treatment, and time were made and transformed into trend lines in 
order to compare treatments to untreated controls for both composted and uncomposted 
soil.   
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 In uncomposted soil, the low retention (0.1%) of CTN (R2=-0.0538) had the 
greatest rate of increase in mean species richness, followed by the high retention (0.25%) 
of CTN (R2=0.2991), while untreated controls had the lowest rate of increase in mean 
species richness (R2=-0.0633).  The greatest rate of increase in mean Simpson’s diversity 
was observed in the high retention (0.25%) of CTN (R2=0.3216), followed by the low 
retention (0.1%) of CTN (R2=-0.0865), while untreated controls had the least increase in 
Simpson’s diversity (R2=-0.1082).  Untreated controls had the greatest rate of increase in 
mean Shannon’s diversity (R2=-0.1476), followed by the high retention (0.25%) of CTN 
(R2=0.2984), while the low retention (0.1%) of CTN had the lowest rate of increase in 
Shannon’s diversity (R2=-0.1067).  In treatments with CTN with added BHT, the high 
retention of CTN (0.25%) exhibited the highest rates of increasing mean species richness 
(R2=0.2907), mean Simpson’s diversity (R2=0.2479), and mean Shannon’s diversity 
(R2=0.1804).  The low rate of CTN (0.1%) in combination with BHT had the second 
greatest rate of increase in mean species richness (R2=0.4144), mean Simpson’s diversity 
(R2=0.4097), and mean Shannon’s diversity (R2=0.3891).  Untreated controls had the 
lowest rate of increase of mean species richness (R2=-0.0633), mean Simpson’s diversity 
(R2=-0.1082), and mean Shannon’s diversity (R2=-0.1476).  When BHT was used alone, 
the result was a much higher rate of increase of mean species richness (R2=0.3583), mean 
Simpson’s diversity (R2=0.2416), and mean Shannon’s diversity (R2=0.1429) compared 
to untreated controls (R2=-0.0633, -0.1082, and -0.1476, respectively) meaning that BHT 
used with no added biocide led to an increase in fungal species richness and diversity in 
soil with no compost compared to untreated controls (Figure 4.5A). 
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 In composted soil, the high retention (0.25%) of CTN had the highest rate of 
increase in mean species richness (R2=0.4117), mean Simpson’s diversity (R2=0.3902), 
and mean Shannon’s diversity (R2=0.3308).  The low rate (0.1%) of CTN had rates of 
increase that were very similar to untreated controls for mean species richness 
(R2=0.1858), mean Simpson’s diversity (R2=0.2342), and mean Shannon’s diversity 
(R2=0.2808).  In the CTN treatments combined with BHT, the high rate of CTN (0.25%) 
combined with 2% BHT had the highest rate of increase of mean species richness 
(R2=0.3429), mean Simpson’s diversity (R2=0.3635) and mean Shannon’s diversity 
(R2=0.3837).  Untreated controls had a higher rate of increase than the low rate (0.1%) of 
CTN combined with 2% BHT for mean species richness (R2=-0.32), mean Simpson’s 
diversity (R2=-0.3057), and mean Shannon’s diversity (R2=-0.2984).  In treatments with 
only 2% BHT added, untreated controls had a higher rate of increase for mean species 
richness (R2=-0.32) (Figure 4.5B), mean Simpson’s diversity (R2=-0.3057), and 
Shannon’s diversity (R2=-0.2984) compared to the 2% BHT treated samples (R2=-0.1444, 
-0.1706, and -0.1895, respectively).  Overall the high rates of CTN had higher rates of 
increase of mean species richness and diversity while the low rates had rates of increase 
either proportional to or less than untreated controls.  BHT used alone increased fungal 
species richness and diversity in the uncomposted soil, but the same effect was not noted 
in the composted soil, where fungal richness and diversity was higher for untreated 






















































Figure 4.5:  Graphs of trends in mean fungal species in (A) uncomposted soil versus (B) 
composted soil for SYP test samples treated with 2% BHT alone.  In 
uncomposted soil, BHT treated samples had higher species richness than 
untreated soil, but, in composted soil, the trends were exactly opposite.   
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General Fungal Community Data 
 PC-ORD:  The CTN, CTN+BHT, and BHT fragment data was summed and used 
to create 2D ordination graphs using PC-ORD v5.0.  Ordination graphs were then 
compared to untreated controls in order to determine how each treatment influenced 
changes in community structure.  The distance between plotted points represents the 
Jaccard distance, or simply how different each community is to each other based on its 
species composition.   
 Untreated controls were evenly spaced and occurred randomly so that 
communities showed a gradual progression from the initial community composition to 
the end community composition.  Composted and uncomposted samples diverged from 
each other from 1 to 6 months, but converged after 10 months to become more similar.  
The 10 month samples were largely different from all other samples and the 10 month 
samples in composted and uncomposted soil were at opposite ends of the plot, indicating 
that they are more different from each other than all other treatments.  After 10 months 
the 11 and 12 month samples are similar to each other for both composted and 
uncomposted soil (Figure 4.6A).   
 The ordination of soil x treatment x time combinations for the low concentration 
(0.1%) of CTN indicated that the two soil types had different fungal communities at like 
time samplings.  Species turnover can be indicated by the distance between points from 
sequential sampling times and gives a measure of how different communities are from 
one sampling to the next.  Higher rates of turnover were found in samples from 









Figure 4.6:  Ordination Graphs of fungal community data comparing (A) untreated 
controls to (B) 0.25% CTN + 2% BHT.  Treatments are more clustered and 
exhibited higher rates of turnover than untreated controls.  (Sample numbers Treat 
(1-6), Exposure (a-uncomposted or b-compost), and time (1-12).) 
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similar over time as indicated by previous results from CTN treated samples from field 
studies (Kirker et al. 2008).  
 In the high concentration (0.25%) of CTN, high rates of turnover in the 
composted soil were found compared to the uncomposted soil.  In the uncomposted soil, 
months 7 and 8 were very different from all other uncomposted communities.  The 
composted treatments were less scattered than the uncomposted treatments, indicating 
that less species turnover was exhibited in samples in composted soil.   
 In treatments with the low concentration of CTN (0.1%) with 2% BHT added, 
there was much more clustering, meaning that rates of turnover were unequal over time, 
than was seen in previous ordinations, more clustering was exhibited by the composted 
soils, uncomposted soils had outliers that occurred at 1, 3, and 9 months, but later 
samples were clustered within composted samples, suggesting that higher turnover is 
seen early on, but samples eventually approach a similar “stable” community 
composition and turnover decreases accordingly.   
 In treatments with the low concentration of CTN (0.25%) with 2% BHT added, 
the treatments were initially scattered in the lower right hand corner, but rapidly 
progressed into the upper left hand corner and appeared to be very similar from 8 to 12 
months suggesting that the community reached a stable community at 8 months and 
remained similar.  The successional trajectories of the uncomposted and uncomposted 
soil were similar to each other, progressing from right to left over time (Figure 4.6B).   
 The communities of fungi from the samples treated with 2% BHT were evenly 
divided between soil types, the uncomposted soil clustered together, while the composted 
soil formed another.  Within these clusters, higher rates of turnover were seen compared 
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to untreated controls.  In composted soils, the later communities were very similar to the 
initial communities, but had higher rates of turnover than in uncomposted soil.  The rate 
of turnover was low in the uncomposted soil, with the exception of the 10 month 
samples, which were very different from adjacent sampling periods.   
 Overall, the composted soil appeared to have the greatest effect on the species 
composition in these treatments.  Species turnover was higher is early samplings but 
decreased after 8 months exposure, with most treatments reaching a somewhat stable 
community structure that remain similar until 12 months, with the exception of the 10 
month samples, which were outliers in all of the treatments, suggesting that some 
external environmental circumstances may have influenced this result.   
 Estimates®:  A total of 4,753 pair wise comparisons were computed using 
Estimates®.  A total of 4,085 comparisons had CJAE values less than 0.7 meaning that 
they have less than 70% of their species in common and 498 comparisons had 0 species 
in common.  Among these, large CJAEs were found in comparisons between different 
treatments at like sampling intervals, as well as different sampling periods.  A total of 
498 comparisons had 0 species in common, but were distributed randomly with no 
noticeable relationships between treatment, time, or soil.  There was less variation in 
species composition within treatments and adjacent sampling intervals had higher CJAEs 
(were more similar) than non-adjacent sampling intervals.  The results from Estimates® 
also indicated that early treatments were different from later treatments both between and 
within treatments meaning that over time communities did become more similar.   
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Basidiomycete Fragment Data 
 Statistical Analysis:  The T-RFLP analysis detected 2685 individual 
basidiomycete fungal fragments, representing 74 individual species.  A total of 1335 
individuals were detected in the non-composted soil and 1350 individuals were detected 
in the composted soil.  The T-RFLP profile was exported into PC-ORD v5.0 to calculate 
richness and diversity values for each sample.  The resulting data was analyzed using 
SAS v9.2.  The fact that almost equal numbers of individual basidiomycetes were 
detected in composted versus uncomposted soils suggests that the added compost had 
little or no effect on number of individual basidiomycetes present in the soil.   
Statistical analysis indicated that richness is affected by the combined interaction 
of soil, treatment, and time (P=0.001).  Pair wise comparisons of all factorial 
combinations of soil, treatment, and time were made and transformed into trend lines in 
order to compare treatments to untreated controls for both composted and uncomposted 
soil.   
In the uncomposted soil, both rates of CTN (0.1% and 0.25%) had similarly 
higher rates of increasing mean species richness (R2=0.6919 and -0.006), mean 
Simpson’s diversity (R2=0.6305 and -0.0267), and mean Shannon’s diversity (R2=0.5451 
and -0.2208) compared to untreated controls (R2rich=0.1755, R2simp=0.0086, and 
R2shann=0.0762).  In the CTN treatments with added BHT, the lower retention of CTN 
with BHT had slightly higher rates of increasing mean species richness (R2=0.0821) 
(Figure 4.7A), mean Simpson’s diversity (R2=0.1822) (Figure 4.7B), and mean 
Shannon’s diversity (R2=0.2337) (Figure 4.7C) than the higher retention of CTN (0.25%) 
with added BHT (R2rich=0.5944, R2simp=0.6037, R2shann=0.513).  Treatments with only 2% 
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BHT exhibited higher rates of increasing mean species richness (R2=0.1755), mean 
Simpson’s diversity (R2=-0.4595), and mean Shannon’s diversity (R2=-0.4912) compared 
to untreated controls (R2rich=0.1755, R2simp=0.0086, R2shann=-0.2208).  
 In composted soil, CTN, used alone, at both rates (0.1% (R2=0.4231) and 0.25% 
(R2=4372)) exhibited higher rates of increasing species richness compared to untreated 
controls (R2=0.0956).  In regards to Simpson’s and Shannon’s diversity, the high rate of 
CTN (0.25%) again had higher rates of increase in mean diversity (R2simp=0.3606, 
R2shann=0.2063), but the low rate of CTN (0.1%) was somewhat less (R2simp=0.3702, 
R2shann=0.2887) and had a rate of increase equal to untreated controls (R2simp=-0.0988, 
R2shann=-0.4069).  When CTN was used in combination with BHT in composted soil, both 
rates of CTN (0.1% and 0.25%) exhibited higher rates of increasing species richness 
(R20.1%=0.4103, R20.25%=0.3724), Simpson’s diversity (R20.1%=0.3472 ,R20.25%=0.2987), 
and Shannon’s diversity (R20.1%=-0.4069,R20.25%=0.1478) compared to untreated controls 
(R2rich=0.0956,R2simp=-0.0988,R2shann=-0.4069).  When BHT is used alone in composted 
soil, the 2% BHT treatments had slightly higher rates of increasing richness (R2=-
0.1559), but slightly lower increasing rates of Simpson’s diversity (R2=-0.3361), and 
Shannon’s diversity (R2=-0.4648) compared to the untreated controls (R2rich=-0.0956, 
R2simp=-0.0988, R2shann=-0.4069).  Overall, samples with higher retentions of biocide 
treatments had higher rates of increasing mean basidiomycete species richness, mean 
Simpson’s diversity, and mean Shannon’s diversity in both uncomposted and composted 
soil although the effect was less pronounced in the composted soil suggesting that the 
added compost may have reduced the impact of the preservatives by providing more a 
more nutrient rich environment and more alternative food sources for the fungi to utilize.   
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Figure 4.7:  Graphs of trends in mean basidiomycete species (A) richness, (B) Simpson’s 
diversity, and (C) Shannon’s diversity for CTN+ BHT treatments compared to 
untreated controls in uncomposted soil for accelerated decay test.  
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Basidiomycete Community Data 
 PC-ORD:  The basidiomycete profiles were exported into PC-ORD to create 2D 
ordination graphs.  The untreated controls exhibited clustering among all samples with 
the exception of 3 and 4 months (Figure 4.8A).  Treatment soil combinations of 0.1% 
CTN +BHT are presented for comparison (Figure 4.8B).  All other samples were 
contained within a tight cluster of points of 1 to 12 months.  The 4 month samples were 
located opposite of this plot for the composted and uncomposted soil meaning they were 
extremely different from each other.  The 3 month uncomposted samples were outliers 
and different from all other treatments, but the composted 3 month samples fell within 
the cluster with the majority of other samples.  
 The 0.1% CTN treatments were resolved as a linear relationship, meaning that the 
differences between samples could be adequately explained along 1 axis.  The 5 month 
samples, composted and uncomposted, were the most different from one another and the 
remainders of the samples were randomly spaced from one another at individual 
sampling intervals.  There was no discernable difference between the soils and there was 
no time gradient.  Rates of turnover were largely equal as the points were evenly 
distributed.   
The 0.25% CTN plots indicated that soils were extremely different from one 
another at 1, 2, and 4 months.  The later samplings coalesced and samples from 5 to 12 
months were very similar to each other and exhibited very little species turnover.  There 
was somewhat of a time gradient as early samples were located at the bottom of the plot 






Figure 4.8:  Ordination Graphs of basidiomycete community data comparing (A) 
untreated controls to (B) 0.1% CTN + 2% BHT.  Treatments are less clustered 
and exhibited higher rates of turnover than untreated controls.   
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 The 0.1% CTN with 2% BHT added was largely different from the previous plots.  
Composted and uncomposted samples were at opposite ends of the plot at 6 months.  
Progression of treatments did not follow a time gradient.  Composted and uncomposted 
communities were different from each other and species turnover increased from earlier 
to later samplings (Figure 4.8B).   
 The 0.25% CTN with 2% BHT added was resolved as a 1 dimensional 
relationship and were scattered randomly in regards to time along the single axis.  The 3 
and 4 month samples in uncomposted soil were highly divergent from all of the other 
samples and were outliers in the upper right hand corner of the plot.   
 In the treatments with only 2% BHT, the uncomposted and uncomposted soils 
were different from each other, with species turnover increasing between composted and 
uncomposted soil at like sampling intervals.  Composted and uncomposted communities 
became more similar between 8 and 10 months, but then diverged and became different 
from 10 to 12 months.   
Overall, preservative treatment increased the species turnover and successional 
trajectory in all treatments.  In untreated controls, communities were largely similar and 
remained similar, excluding outliers.  Treated samples exhibited higher rates of turnover 
and more difference was observed between composted and uncomposted soil.  It was 
unclear what to conclude from the 1 dimensional plots found in 0.1% CTN and 0.25% 
with 2% BHT, but additional analysis may be able to resolve with better resolution.   
 Estimates®:  A total of 9316 pair wise comparisons were made using Estimates®, 
5348 had CJAE values less than 0.7, meaning that the majority of the comparisons made 
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shared less than 70% of species with one another and 112 of these samples shared 0 
samples.  Looking at these dissimilar comparisons, it is apparent that early samples 
(months 1-6) in treated samples are largely different from other treatments and untreated 
controls.  The 0.1% and 0.25% CTN followed a similar pattern, months 1-6 differ greatly 
from each other and differed compared to later samplings in other treatments suggesting 
that the preservatives may have caused a shift in community composition early on that 
did eventual become more similar to untreated controls.  Plotting all points on a single 
ordination also gives similar indication as early samples are outliers and later samples 
coalesce to fall within a cluster of data points.  In untreated controls, the pattern took 
place earlier, where samples coalesce after much shorter periods of time, usually 1-2 
months exposure, and remained at a stable community composition.   
 In contrast to the bacterial and fungal community analyses, the basidiomycete 
richness and diversity values were much lower.  These results have been constant 
throughout both this study and field studies using the same technique.  Basidiomycetes 
seem to have a relatively small contribution to the overall community which is also in 
agreement with results from studies in Germany (Räberg et al 2007), using T-RFLP to 
detect fungi in above and below ground field tests.   
 
Preservative Retention Data 
 CTN:   Preservative analysis showed no traces (0 ppm) of CTN at either 
concentration (0.1 or 0.25%) after only 30 days of exposure to the accelerated decay 
conditions.  Subsequent analysis of soil samples indicate that the CTN was broken down 
136 
by the soil microbes and did not simply leach from the test sticks.  TPN-OH, a common 
breakdown product of CTN, was detected in both wood and soil samples.  
 BHT:   Chemical analysis of BHT concentrations indicated the same result as the 
CTN analysis.  BHT was detected in the unexposed stakes at the level at which it was 
applied, but no BHT was detected after the first 30 days of exposure to the accelerated 
decay test chambers.  Soil samples were taken and analyzed for presence of BHT and 
found no traces of the compound in the soil.   
 Due to the extremely fast rate of preservative depletion exhibited in the 
accelerated decay test, it was not possible to make any statistical comparisons between 
the treatments and untreated controls.  All chemical treatments, both preservative and 
antioxidants, were completely depleted by 30 days of exposure.  Soil samples concluded 
that the chemicals were broken down by microbes as no traces of these chemicals could 
be detected in soil samples, with the exception of TPN-OH, the byproduct of CTN 
degradation.  Analyses are currently underway to quantify the amounts of TPN-OH in 
both soil and wood samples using specific size standards and these results will be 
reported as the analyses are completed.   
 Total Microbial Analysis:  A total of 10 variables were used to determine the 
correlations between all available microbial community variables from the earlier SAS 
analysis (richness, Simpson’s diversity, and Shannon’s diversity) for bacteria, general 
fungi, and basidiomycetes.  All pair wise comparisons made in the PROC CORR analysis 
are presented in Table 4.2.  All community variables had a negative correlation with 
MOE meaning that microbial richness and diversity increased as MOE decreased.   
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Table 4.2: Pair wise results from PROC CORR analysis of microbial community data for 
bacterial (16S), fungal (ITS-1F-4NS), and basidiomycete (ITS1-4BS) 
communities from accelerated decay test.  (Alpha=0.001). Spp. Rich=Species 
Richness, Simp. Dev. =Simpson’s Diversity, Shann. Div. =Shannon’s Diversity.  
 




























P-coff* 1.00 -0.16 -0.30 -0.35 -0.30 -0.36 -0.38 -0.22 -0.22 -0.23 
P-value**   0.00 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
N*** 
Log 
MOE 468.00 394.00 394.00 394.00 250.00 250.00 250.00 409.00 409.00 409.00 
-0.16 1.00 0.86 0.58 0.35 0.45 0.49 0.37 0.40 0.39 
0.00  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 Species 
Richness 394.00 394.00 394.00 394.00 229.00 229.00 229.00 362.00 362.00 362.00 
-0.30 0.86 1.00 0.89 0.53 0.67 0.74 0.52 0.58 0.62 
<.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 Simpson's 
Diversity 394.00 394.00 394.00 394.00 229.00 229.00 229.00 362.00 362.00 362.00 
-0.35 0.58 0.89 1.00 0.60 0.77 0.86 0.55 0.66 0.73 










Diversity 394.00 394.00 394.00 394.00 229.00 229.00 229.00 362.00 362.00 362.00 
-0.30 0.35 0.53 0.60 1.00 0.92 0.77 0.51 0.57 0.59 
<.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 Species 
Richness 250.00 229.00 229.00 229.00 250.00 250.00 250.00 230.00 230.00 230.00 
-0.36 0.45 0.67 0.77 0.92 1.00 0.95 0.62 0.70 0.76 
<.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 <.0001 Simpson's 
Diversity 250.00 229.00 229.00 229.00 250.00 250.00 250.00 230.00 230.00 230.00 
-0.38 0.49 0.74 0.86 0.77 0.95 1.00 0.67 0.77 0.83 















Diversity 250.00 229.00 229.00 229.00 250.00 250.00 250.00 230.00 230.00 230.00 
-0.22 0.37 0.52 0.55 0.51 0.62 0.67 1.00 0.95 0.82 
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 Species 
Richness 409.00 362.00 362.00 362.00 230.00 230.00 230.00 409.00 409.00 409.00 
-0.22 0.40 0.58 0.66 0.57 0.70 0.77 0.95 1.00 0.95 
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 Simpson's 
Diversity 409.00 362.00 362.00 362.00 230.00 230.00 230.00 409.00 409.00 409.00 
-0.23 0.39 0.62 0.73 0.59 0.76 0.83 0.82 0.95 1.00 

















Diversity 409.00 362.00 362.00 362.00 230.00 230.00 230.00 409.00 409.00 409.00 
* pcoff=Pearson's coeffecient of correlation.  
** P-value=Alpha value, cutoff of 0.01 used to reject or accept null hypothesis. 
** Number of observations in each variable. 
138 
The highest correlation coefficient was between MOE and fungal richness (-0.30), fungal 
Simpson’s diversity (-0.36), and fungal Shannon’s diversity  (-0.38).  Bacterial diversity 
also had higher correlation coefficients for both Simpson’s (-0.30) and Shannon’s (-0.35), 
while basidiomycete community values had the lowest correlation coefficients, 
suggesting again that between bacteria, fungi, and basidiomycetes, basidiomycete 
richness and diversity had the least influence on rate of decreasing MOE in this study.  
Additional analysis using a more robust analysis will be required to properly resolve 





• Preservative treatment resulted in lower rates of decreasing MOE due to decay in all 
treatments, including BHT, compared to untreated controls.  Higher concentrations 
(0.25%) of CTN were more effective at decreasing the rate of MOE loss.  Untreated 
controls had the lowest MOE values and the greatest decrease in mean MOE values.  
Preservatives reduced the loss of MOE due to decay and reduced the overall rate of 
decreasing MOE.  These changes in MOE values are interesting since the 
preservative retention analysis found no traces of preservatives after 30 days 
exposure, meaning that preservatives were depleted from the wood after only 30 days, 
but still resulted in the abovementioned changes in strength loss.  This suggests that 




• Preservative treatments, both low and high concentrations, exhibited higher rates of 
increasing bacterial species richness and diversity compared to untreated controls 
meaning that the presence of preservative led to higher species richness and diversity 
and also increased the rate of colonization.  The effects were less in composted soil 
compared to uncomposted soil suggesting that preservative treatment may have had 
less effect on bacterial colonization in composted soil.  Similar results have been 
found in field studies suggesting that the use of preservatives may increase bacterial 
richness and diversity.   
• Ordination graphs of community profiles showed that treated samples had higher 
rates of turnover and progressed over time to a stable community.  Differences were 
not found between composted and uncomposted soils meaning that the added 
compost did not influence bacterial community structure.  Bacterial communities 
from composted and uncomposted soil were interspersed between each other meaning 
that the communities are similar.   
• Estimates® indicated that 78 percent of pair wise comparisons shared fewer than 70% 
of total species with each other meaning that these communities are made up of 
different species of bacteria.  Within that 78%, the distribution of samples was 
random and showed no apparent patterns in regards to soil, treatment, or time.  
Differing treatment and untreated controls varied over time meaning that early 
communities were more different from later communities, but later communities are 
more similar than earlier communities are within themselves.  Overall, the consensus 
of the three analyses indicated that the use of wood preservatives led to increases in 
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mean species richness and diversity and also caused increased turnover in earlier 
communities which decreased over time, possibly as the wood preservatives are 
broken down.   
 
Fungal Diversity:   
• High rates of CTN, both with and without BHT, had more fungal species and a more 
diverse population compared to untreated controls.  The low rates of CTN, with and 
without BHT had rates of increasing fungal species richness and diversity that were 
proportional to or less than untreated controls.  One exception was that the 0.1% CTN 
had the highest rate of increasing fungal species richness compared to untreated 
controls in uncomposted soil.  There were higher rates of increasing fungal species 
richness and diversity in composted soil than uncomposted.   
• Ordination plots indicated that untreated samples were evenly spaced, meaning that 
rates of turnover were equal, and had a very gradual progression from the starting 
community to a stable community structure.  Preservative treated samples had much 
higher turnover, meaning sequential samples were more different from each other 
than seen in untreated controls.  Composted soil seemed to have the greatest effect on 
species composition as large differences were seen in the composition and 
successional trajectory of composted samples compared to uncomposted.  Fungal 
species turnover was higher in early samplings, but did decrease over time so that 
later communities are more similar.   
• The estimates analysis results that 86% of the pair wise comparisons shared fewer 
than 70% of total fungal species with each other.  There was less variation in species 
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composition within treatments and adjacent sampling intervals were more similar 
than non-adjacent sampling intervals.  The results from Estimates® also indicated 
that over time communities became more similar.  There was no noticeable pattern 
between highly dissimilar pair wise comparisons, and they appeared to be random.   
 
Basidiomycete Diversity: 
• Samples with higher retentions of biocide had more species and a more diverse 
community of basidiomycetes in both composted and uncomposted soil.  The trend 
was however, less pronounced in the composted soil suggesting that the added 
compost enabled the basidiomycete community to overcome the effects due to 
preservative treatment.  These results are consistent with results from an earlier field 
study, presented elsewhere, where we found the same result, that biocide treatment 
increases the numbers and diversity of basidiomycete species.   
• Ordinations of basidiomycete community data indicated that preservative treatment 
increased the species turnover and changed the successional trajectory in all 
treatments meaning that the progression seen in controls, starting at an initial 
community structure and progressing towards a stable community was not observed 
in treated samples.  Controls were also tightly clustered suggesting little change to the 
community once established, whereas there were significant differences between 
early and late samples in treated samples.  Less similarity was also noted in 
basidiomycete communities in composted soil compared to uncomposted soil in the 
treated wood.   
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• The distinguishing feature of the basidiomycete Estimates® analysis was that 
preservative treatment led to gradual changes in the basidiomycete species that make 
up the community, where the species found in the controls remained fairly constant.   
 
Preservative Retention Data: 
• CTN was completely depleted from all samples by 30 days exposure; CTN was not 
detected in soil samples and therefore did not leach.  TPN-OH, a common breakdown 
product of CTN was detected in both soil and wood and efforts are currently 
underway to quantify how much of the compound remained over time.  
• BHT was also completely depleted from both wood and soil by the microbes.  
• Although the preservatives were completely depleted in the 1st month of the study, 
significant differences can still be seen regarding strength loss and colonization by 
microbes suggesting that the presence of the compounds, although limited, did 
influence results.   
 
Total Microbial Community: 
• The PROC CORR analysis indicated that fungal richness and diversity had the 
greatest impact on MOE (strength loss), followed by bacteria, and basidiomycetes 
had the least influence on MOE values.  The PROC CORR was a preliminary 
screening method for summarizing this data and further analysis using a more robust 




 The consensuses of the three separate analyses indicate that the use of wood 
preservatives increases microbial species richness and diversity.  Preservative treatment 
led to increased species turnover in early exposure that decreased over time.  These 
results are consistent with findings by Tolijander, et al. (2006) which found that disturbed 
environments had higher species richness and ultimately increased rates of primary 
productivity in decaying woody biomass.  These increases may have led to the rapid 
depletion of the preservatives in this study; we are further analyzing the CTN treated 
wood samples in order to determine the concentration, if any, of TPN-OH, a common 
CTN breakdown product.  Due to the fact that CTN or BHT was not detected in soil 
samples, we can conclude that neither of these compounds leached out of the treated 
wood, but were broken down by the microbes.  The results from this study give clear 
indication that preservative use does change microbial colonization patterns compared to 
untreated controls, but what is not known are the effects these changes have on primary 
productivity and enzymatic activity.   
Composted soil had an effect on fungal communities in this study, but no 
significant changes were observed in the basidiomycete community due to the addition of 
compost.  The addition of compost increased the rates of decay in treatments, either by 
enabling the microbes to overcome the adverse effects or providing an alternative food 
source for the microbes than the treated wood.  The added compost also led to visible 
changes in the fungal species composition of test samples making them more different 
than un-composted samples.   
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It is previously unmentioned in this study, but should definitely be taken into 
consideration that there were fluctuations in soil moisture in the later months of this 
study.  This may have had influence on the proportional lack of basidiomycetes 
encountered.  As the test samples began to decay, mass loss due to decay was not taken 
into account and soil moisture was slightly higher than needed to maintain 40-80% 
moisture by weight.  This fact aside, there were still considerable losses due to decay 
observed in both treated and untreated samples, so the decay test was functioning 
properly.  The majority of test samples that were observed had decay characteristics more 
indicative of soft rot than brown or white rot, not only in later sampling but throughout 
the test.  Some white mycelium was noted on wood surfaces, but the wood surfaces were 
extensively pitted and water soaked.  It seems that soft rot fungi may have greatly 
contributed to degrade these samples.  It is not our intention to downplay the role of 
basidiomycetes in the degradation of wood using this method, as conditions were created 
that were more conducive to soft rot.   
An important point to be made from the results of this study is the lasting impacts 
of the preservatives on the community structure and patterns of strength loss.  
Preservatives were completely degraded within the first month of exposure, but the 
microbial communities exhibited differences in species composition until 10 months into 
the study and longer in some cases.  Differences in strength loss were apparent even after 
12 months exposure, which suggest that the initial 30 days of this test somehow 
influenced the durability of the test samples.  Additional study involving the early 
colonizing species of microbes would no doubt provide some additional insight.   
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Future research focusing on the effects of increasing richness and diversity on 
carbon sequestration and nutrient assimilation would provide extremely useful 
information.  Increasing diversity may also increase competition between species during 
colonization that may increase or decrease rates of deterioration.  With current molecular 
technology that enables the quantification and characterization of specific enzymes, it 
will also be possible to see how enzymes associated with bacteria and fungi change as the 
community compositions are altered and how those changes may impact rates of 
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